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:Extr·act·iop. .Re·pJicas: o:f )lase: ·c--·on-d·it·ion J~f:ic·roat;r;1.tctures 
. -' •· .. V-1-l.. 
effe.c_ts· of cr.e·e:p e1n.b·r:i..t.tlement in .red.uclt1-,g: both: :ru>pture :(luctility .and 
_embr'.i-tt.l:em~_n-t mod:eL w:a$ d~\relope:d ·-t.h-a"t sat.is:fa .. c-t:q:rily c:h·a._ract-.e_r-·-fze_s_ 
e:s t.a·bl·:f.:shed .for ·both. heats 'clt. 1os-o °F in ·under .10.-00 h:our~ . No minima 
trans:ition temper-at:tit·es·, 1.ncle_,pend:erJ:t ·o.£:: .1:etnpet: •etrio·ritt::le:riient' 
-~f.t·~·cts. The effects o·-f teJnpe-r $):hbt'.·it·t:lemertt·: and. cre:ep ·embr_ittle:me,nt 
:o.n: ·fncreas ing Chatpy trans it io.:n: :t~:m.p.~r-:~ tures ·wt~re· f:ound.. t-.o lte· 
temp.eratur·e .s·htft produced- by cr~ep emb:rl-ftleine:n,t ctppe.are.d· ·to- 'p:e 
.l 
' 
.I 
.. 
a:nd fough:ne:s.s we.re·: :att.rib.µ~:a.,bl_e t:o c/rack:s o·b.s·er-ve:d to ofH:!11 a··t .ptj_o-r 
-~ . 
."· 
.o·f .a: ·:ra]:\g_e. ·o::f low· a11o·y ,steelsi c-ontai'ni-11..g ~-hromJu.m artd .-molyb_d·enum"· 
,·• :o.y.:~·r the ye_.-c:1Jts:.,- :$.t.ee-1 _cottta>ini:ng_ .2 ! 25%.- Cr-1.%. Mo. h·as: .-come into: ge·.av.Y 
:p.~_ CtYrts-J_d·ere-d ind iviclualty .. 
:C:re·e_p Ellit>r·:Ltt i·em~n;t·· 
. . . . .· .. - . 
,. 
t.ure:., .low .a:i:·i-oy s:t:·ee-ls .c·-an :b.ecome.: trrcJgr:es}tive 1_y :·emb.r·-it t.1.-e.d= ~- ·The· :na;t(.(re 
3: . 
-------
I 
t.h-e. f.ra,c . .-tur:e ,rnd.d e 
. . . ~ 
w'ill p'r·od:uce a dµc·t ... il.ity .m:ittimum in th=is ma11;rte:r-.. T-b·~ .ductility· tos·s 
.Cr,.e~p em,brifJ:'.·lemen:.t also .hits .s i=.gni.fic.·a11t- e . .ff.:fects in t-ed'ucing 
.. 
·a.mb:ie"I1t t:etnperat:ure t.ou:-ghness p·a·rame't·er:s:.. ~ost d·ata'.' reported 'in t:he 
c.J: ·r:e:c. .. ent :re-view lly· Emmer·, ·C Iaus·.e:t a:nd: t.o.w ( 1) ar:e. a:$: f .. <Jl.tow.s : 
1.. :crei~::p: ,e.mhr:f.-t.tLemetft h·~·s' ·bee.n. sh·ow.n to. ;occ.ur fu· -tbie· 
:tempe.rat·ur:e· ·range ·soo:0 .-·,1tod<0 ·F fbt alloy .ste,e 1~: h~:v.i·ng 
:£:errite p·lt1s c~rbid·e' micros,tructtir·e<s. :(2-7) 
·2. Creep: embrittletne-rrt ·appea·ts a.fter lo~ger ttm.e·s ctrtd becomes 
:mo.re seve··re the l,ovier the. _'t>iJ.s:i.tio .. n tn. t:h:e emlJ·ritt·ling 
:4 
.~-
t:e.mp. __ ·er-att1re J:-c3t1.g· ··•~ .•. (3 · g·.-:': 10) 
. :· ' 
3... Cte.e.p embrit.tlement is -,1.nc:t:_n:f-_fesJ:-e.d ,lly :~.- lo.ss and t_h:e11. 
par:ti·at. re··covery of st·r·e,s:s-ruptµre ductility ··wi.th 
:d,e.ct.eas:Lng ,stres.s, as de·scribe·d above·. (.5, 1·L) 
4 .• · -The, deyelo:ptnerit- o.f embt.:it_t_leIIient is irtv·:arlably as·sociated 
·wi.th a transition fron1 ·tra.1:1sg;ranular :to intergranular 
.. 
f-t-,ac-tµre. (2.) Vo.ids and microcracks are found throughout 
.a. :creep em.brittled inicrost_ructure.. :These voids form a:·l·ong 
prior austenite ·gr·a_iti bourida,ries: trans·_vet-s.e: to the te:n.st:te 
.d ir ~c t-:Lon. { 11) 
:5. ,'l?h·e ·mecha_nist1t :i:o_.r c-ree:p E{1;nbrit t le.metit .. ap:pea,r·s ·to be clo::s.·ely 
a,$~sociat:,ed ·with, ·tempe_ring r·ea·ctio.ns inside grain~ a.rid: _-at 
:t_h:e gr.airt b9µndaries·: during the creep ·p·roc·ess •. (4,5,1-2) 
The fqrmation .o·f fine, rtee.dle-1.ik·e precip.itates· in gra:t.n,_ 
.in:ter ior_s, ac~·ompan.le_,d by· the development .of a_ denuded 
zo.ne and ,eloI1.g·ated alloy· carbide_s a.t ·g-rain bou-ndar ies 
see·,ms: to contribute· s·i_gnif-icantty ·tcY t._he embtit:tlemen·t 
p.·ro:ce ss . {:4_,,-8) 
·-6. :tos.s in .tough-ness produc~d by cr:ee·p, e·mbti.t-t·leiiie:ri-t is. l.a·r&:·el:y 
·uria.:ff:ecte:d by .S ub·s·¢.q-t:ie-nt h_ea·t t:r:-:eatmeti.tS ;. a.nd-: VO i'_d fo.rma:f.fon 
caus.ed-; ·by cree·:p is irre-vers ible:. 
· ·ne.cess._ary :.b-~-for,~ cQn's_td-~·r±n:g c.r.e.ep_ etnbritt.lemen.t :me·.chani.sms ~ The 
.. --~-nHu'.in-g: cfi~,ct1s-~·toni will_ be :1i1n:it)~d- ,toi ·a dt~:sc.r-{.ptio.n ,o:f ,ti1~:: :s.~q4e11:c.--e 
. ...... . . ·. 
. 
-
·bainite . 
. _gra·irt interiors.: :A lth·ough. in·i.t.ia t.ly .qoh.e.r:.e:11t ,· ( 14, 15) :n.o:rinal. t.emp·e-r.-in;g. · 
.5 
riat,ure of ·the. .. ¢:a;i.b:Lde- int·er"face.t !10_2.C: -cc>nt,tf:bu.t'es to creep stret1gt.h 
lar·ge ·Ly :-b.y a ·dis-pets :fo.n .h:arde:n.;1 .. Ii.g· _mec.h&ni,sm •.. At ·o.pe·r:ati:ng t~_mpe;r}1tu·res 
:pu...t :·fo::rm: pted.om.ina-nt.ly- a:s. (J.r7C3 ·a llt>ttfo·mo.r.:phs · at ~:usJ:.¢tift,e: gt·.a·i·n 
po1.1nda·_r:i.es. (1-6), T ..he eqt.1,flibrium c--atbi:de Jn -~·.he t.-.emper-a·ture r.a·ng~ ... o{: 
d:,e p·e nd_'ing :a.rt ·t:etn1iet·':a tu"re and Cr. ·c:;·q_nce·rttt\a:t·-ion, .•. 0 •' • H ' Ne.i:t·h·e:r. -:ch.romi-um catb ide . . . . . . .. " . - ' 
th~ ,pre-~·e.nc:e· elf cht-omi.um s:e·r·ves_: to r·et.a.td. _th~. -growt·.h: and de.¢:ompo-s i:tf.o.·tJ 
·Mo_2:c need.les: in· ;the vicinity :of·· the graJn b:-ounc;la-;r:ie.s: .. t,ernd t·o 
.d:L$so·l.ve· and r·ep.r.ec:Jp::itat:e·. fri: re·l:a:tively· ·s_hort time_s.: .oti. the. e·lo,ng-at·e:d . 
. :anq time. :spent ·.i"n: the·. :~:ntbt~it:tling tenipera .. tµre: rang:e_,.. thts. t·e.pre·.cipit:a.tJ.Qtl: 
·ejfpanc:ls Jn: wl·d.:t·h .wi-th ttme·., w·i-11 lie r.eferred to: a.s th::e .. d-en:txp:ed zone ..• 
·,· 
j 
s·t.:re.ss· sta:te-, ·,$·iitte it c·.an. '"be -e:~s~·nt ial ly repr.e·s.en'.ted ,a~, a ,t.h:iti ·So·ft": 
:6 
.· 
:hou.ndar·fe:s. that' :a.re t·~a:n.~v~rs-e ·to the. t.e.'1;1.s:ile. -d~ire.ctlon. 
.. . 
Almo·s·t .. a:11 m~t.a_l_:s -and a.l_.lqy·.s at tenrper.:atur· .. es' low r,e.1-at.ive .t.o' 'their 
me·tt lng :po·in_t: :cI'Js pl.ay: t}uct.t:re._, t:r.a-i;Js;:gr-anu.1:~:tr .fa·i lutes· ·whe-n t·e s t-ed ·tn; 
.- --~ 
. 
. 
;~µ-1 {e:ndo:r~· .4.nd. Grant { l8) :note that this t-r,a.ns {t_i ..P.I:l crft:e:n resu.l~s in: 
evid.·ent in A.-54.2. Ittd_.e:e.d., },eve.rat "factor:s ·help · i~, has,t·enir1·g;: th:e 
. . . 
. . 
.. fcJ1.d· .. form·atio11: and :pr·e.ve.rtt: t:b$ a.ccomodat1.o_n: .,of·: s-t·r-a-:ins bu-iit: :4p :q·t 
In add it icJn 
. . . •' . . . . . ' 
fhe grat11 bqqncl~-:ri_e.:$· a-r:e h·trtcfered: f,-rom 111:Lgra·t:ing, ·to·war.d r~:g::Lp1:1J~ -o·:f lo.w,er 
.. q:a:tl;> i<i::e-s .~:t:"-t t:he' b.oltnd,a-r·f es • B:e-ca us·e o··f th~-s·e: cq_t1s ide:r·~t:j_t>n::s,_: :int-ercrys>-
interfaces w.ft.h gr·a.in interlc,rr~·~ (l7,:l9,.-20,.2 l): 
.. 
7 
... 
. meLnt in A-.:54.2 :in te:rms of ·th:reet ·va·r·ial:>1~$ : ·{4) 
l.. :T.h.;.e.: tine, ne.:e:dle-.1ike ·c,ar·bi.d:.e: preGtp.:it\s.~·e·s ·in :gr·ain j.nter iors resul,t i,ng: :i:n s :igni.f i:ca.nt r.e .. sJ: .. stanc:ti to ·,cree-p. 
de·format ion. . -.. .. . . : . . . 
. . 
. 2·. 'I'he incr.eas.-fng· wid·th of ·th,e :gr~·.:Lrt 'bound:·a.ry .d:ep..udeci z.o:ne: ;w·i:-t· .. h 
:time a.t tempe·r.atur·e, whic·h lower.s ·c:r·e·ep .s•t.r,eJi:.gt.h. tti t-he 
v ic,:inity o·f t:h.e :b•.ou_npary .• 
~ •: ··:t,he· formation ·of: ·e lot1ga• t etl ·gr~ in bc>..u·nda:.ry ca .. r·b. icle ~· {v'hic.h 
.r·ed'lice t·he cohesive' :str-en:gt.h o:£' t:h.e. :gr.ai.n: b.ol.li11.a··g:ri.e$' ·a.nd.: s•e.rv.e 
·to nucleate voids- .. 
in this i:nye·~t·:Lg.a.tioti as .t.he.y re·lat:e t.o t·he lo·sses· ~in• .bqth dt1ct.:ility· 
'650()-lto.Q·<>r·., A .. -542 :may· .s~eve.-rel::y. ·~m.br.:it··tl.e:, cau-sin:g the .clu.citj.:1¢ t.o 
.• 
:t'..ta-ns'.itio.n·· tempe:tat;ute i:s gep.era:lly well be.Iow t·h·e ·mate·+·i.al's o·pe--i:-a.t·frtg 
·~ --
·~.spe¢.::Lally fo't heavy s·e~t.iorts ., As a .r·e.s::ult:., :t.he. physic·a:'l charac:t·~:1.ti.$.:-
·Lo.W'. (1) 
a\.' 
.1.. Embr·.itt: 1eme-rit can occur i-1J alloy ste·e:Ls h·c:1v1ng ·fe·:rri.-ie :pl'u-s; . 
ca.r:b.i.de micro·structures. w·hen _hel:d in the temperature :ran.g~: 
6:5:0.0 -lt00°F. Embrittleme.nt. e){h:ibits C curve·· time--t~mperat-u:re 
:re:l_a·t ionshi..p.s within, this r·a;nge. (2:2: ... ·24_). 
2:, ,/Eve:Il enibrlttled mate-r.ial i:s ·s.o. tough ·t"hat .exc~pt: .at. \iet~y low. ·t·empe·ratures o:r fq:r la.rge s·pecimen. t9.ic·kpe$s·es-, .. a.n 
:fmpact· te.st .(su.cb _as the Cha.ri:,y test) is: :needed to tne.itsure 
t:he progr·e ss of: ·enib·r itt lement with t im~. Ch'arpy she.if . 
. et1er:g·ies. .<ire una.ffecteq b:y ·tempe·r embri.t.t le~e·nt. (25) 
.3.~· I)eco:h·esicJn. o·ccu.rs in fer:r:ite-fe:rrite a.nd ·ferrite-catbid:e· 
:g-ra:tn :bo.un·dar·tes,. l;>ut is r·es.tricted ai;mo·st. en-tir·e1y ·to t:hp·s~ 
which lie alq.ng :prior a_trsteni.te ~rai-~J .. houn4.ar.ies:. ·(2·2,. 2:S, 2p) 
4.:. :.Erribtittle,me11t occurs only ·in the: pr~se:nce o.f· s-pecific 
impurity elemen.ts.: ·The one-s of primar;y i)1t~rest are:: :sh,: p·, 
.Sn .. artd AB in order o·f 6ecre:asing .~evet.ity on a w~1ght 
pe-:r· ·c·:e.nt bas·is •. {.27) 
:5:., ·B:<=ttb .. impur:i-ty el.en1e:nJ::$· anq: -allcJyi .. ng_ el~m-~r:it,s :se::gre:g.:a:te t.o 
.. pti·.iot au·stenite :grait1: _bo-u:nd.c~l't:ies d:uri11g t:.h:e ¢m.or·itt.iement 
, proces·s. (2.8) 
6·:· ::Ettibri.t:tlement is -r.ev~·rs.{b.Ie.,. and: may b~_: c .. oIIIplete:ly remove.d. 
by .hea.ting for ~lror.t t·imes· a:bove ·the· ~mpr·iJ:tliri:g. t:emper\atµr·e 
:r.attge • (29) 
,7 .... J!last·ic· ·c:leformatiott dur'i1tg embr··fttleme·nt {creep: .s:ttat11:) 
:appea:ts to d'e·iay t.he d·eve1o-pment· of eJnbr i.t t-le.trte.fi:t, alt·h·ou·gh 
t-his re .. s:u1t .is no.t perfectly .clear .. (30.} 
a.:nd: i,mpurit.i.e.s t-p the pri.or au:s tenite. -grc1:in .boundaries:. ::The :s_·-~q-uet1ce o.f 
9· 
. -, 
more:: t>utio.us rea4:~_r -is :1::efe"tt·ed: t:o ·th.e ·recent :e:-xcel lent. review o.f 
conoe1:1tr:·qt:.~kl it1 .the ·-regi._o.n~: a.ro4nd: ·t:he:s:e: ·bouncla·.ries. {2:S.) -Du..t'in_g _., 
aµ~t.e11it::~: gtaln ·bou-ndar .. }e.~ siniµl-t:aneotisly -with i.mpJ:tr-it:Y b;l€t1::a:llo--i'ds: 
such a~ ·p,_ ;.S'b., Sn ·i1:nd A.s ._. Tl1~, width of :th:e segre_gat ip .. 11. ·zones f·o.r: t-he·s.~ 
impuritie:_~ -c·att :be nie:a.sur·.e,d :in atomic layers .. , .a_nd_: .-.is-: thus. or:ci-e.rs. o-_f 
ia.t· th~ pourtd_arle.s, the .ef'.fe-'c.t of th.~ imp:urity e:l.eme-nts- is·, 'CQ .-~redt:ice 
. . ~ :m~:-:o.t c=tr·.e t e :1 at: e,d_ .• ·1:t wo.µ.ld 'b.e: convenient· fo·r ·bo:.t:h. pr.·9~lu¢:e:r:s at1d ust~ts 
', 
.(Iompariso:i1 o_f. :thJ~ :.ef··t·ecits of t:he ·two. t;yp~_s_: .o·f: emb:rtt:t: 1-eme.nt. o~- :P:hy_f?·_ica;l 
i1ttet·pte.tab1e :~-o-1-µtions. Both temper ·a-;nd qr:-ee-p emb_t·itt-.le-me:nf o.c·cur 
in r._oug~l_y ·tb.e· same temp'.e:r.-a:tute ra11~e·., bot·h -~e·su-lt ·t:n l_e.·s .. s ,du.c.tit:~_,_ 
10-
.i 
_ingr.ea:se_s vlieh, i1:1cr~_:a~i.11g -in-it:Lal. s-tr.~n:gth leve:Is .• I:11 ~dd'it ion_, 'b:oth. 
• . 
.:tnJ~_:c·h·a.n1:sms: ·s:e:em· .t·Q ·d:~·,pe_nd .. 011 the .na·tµ;i:e, of ·the fe:rrite-ca-rb~ide inte:r::f:_a~e: 
dtsc:.ussed, .. a:a_µia·~e due t·.<) ·t'emper .enipt-i.ttlement. ::is ~o.n1pl_"et.e.·ly :reve-r's.ible· 
±tis' i.d-e :graip.s a:s well .. as tire pr··¢ senoe, of a ·.d'e.111):qed z,orie.: a-t :_prio.r· 
toJ1glirte:ss pr·9pe·r:t i.e:.s -0·f A ...;. 54·2 ca:rt. ·:no_t teadi:~y :J:~.e· :m.:ad·e trn the l>a$:·.is of. ' . . . 
.. 
ef:f:ect .. s ha$ . .119.t. :b.eet1 mad·e c leai;· .• 
t.o ,se·p_a-.r.ta-te- .-the $-j:~1u.l t·a-neo.us ly oc.cur:r·i:iJ:"g :Etf fe.ct.s o:f c·r.ee-_p artcl te·mp~fl7 
t:w.o.· ·emb+ it·t 1 emen t. · ~eq·h.aOJ:1 isms :• 
Th·.e·. abili:t_y· to rem9ve. tetnp~r emor·it.t:li:ng effe.c·t.s by a de-embrit .. tl.ing 
~rnjbr·i·t tletne·.rt.t .: The a:bove· ·ap,pr:o~ch -~l lo_w.ed . a s·tud·y· of:: -~-~e-~p emb:r ittle.··-. 
·, 
· I , :/ 
·\ 
.EXPERIMENTAL, PROCEDlJRE: •; . - ·. ·. ' ,· •: : .. . . ' .. ~ . ' ... - . . . . .· . . 
.. 
cr.o.p.p·i.I!.g;S fr·om $_'ix· ·inch :th:ick .Plate .. mat~·:r-ia· l. .1\.1 l san1ple:s· t.este·d .. were 
lo.cations :L·n t:·he original pla . te ... 
Th:fs base cond i tiot1 tre.atmen·t. co:ns is·te:d . - · ... ',, ,· .·. .- .. ·. . .. . . . . . .. 
. ,. 
. ' .. :. . · .. 
13 . 
. , . ..,;.:.. ..... 
S.t;re~_s .. ~Rupture _Testing: 
Ru·.ptu·r.:e s_:pecirnetts were 0: •. 2.,52 i-i1c.he$ :rn diame,ter ·with :q'. :one ·tnc:h. 
g:-aug~. leri.gth .Ernd we,r·e: o.tie:nt·ea paratlel. t:o t.h·e· ot.igi-na.1 r:oll_i·ng: 
1-4: 
a:·nd tempe.r .eIQ.b.rittlemertt at ·to$.0·0 ·F,. bo:th he.g_ts we .. t·e· subjeq.te.q, ·to .a 
l ·;:s···t-e·-.a··. ·i···n-·- ·:T-,a.-b 1·· e·· :_2 
. · .. ~ .. '· 
_· •. . . . . '·: .;. ·, . ·-.~ 
w.'i:ts pos t,u .. l ate .. d ·tq ·(Jc cur· .;3,-t time f, as ~-o;c,Jatec;l with. the d-uct il it:y :ntirtima 
., 
of the· two be,a·t:::s. It: wa.s t·hus ,d.e:q:.fd~4 .. to ·me.-a'.s:are t-he·: G:han:_g·es: tn fmp.~:ict 
c:r·e.e:p ,s..t:;ra::in·:· It is ·f.elt: that· ·:these low ct,:e·e,p s:t.'raJ, . .rts ·we;r:e stf:f:f iclent: •,: 
.. 
reduc·e· t.otrghnes·:s ,. b:u-t thf;s w:ou:1.d- no.t ,be a· ·true :c.r~ .. ~:p: .. embr:i t:t:l:eme.nt 
15· 
,. 
\- ... 
f."9.r :87-S l:io,urs· at t::·he _same tetnpe·ra-ture. To e_l.f.mi·nate ·c-o·:nf:us l-11.g te1n_pe:r: 
at L2·00'°F. :for· one: ·hour . 
to· the same t·em:perat.ure-s and- ·times ·w.ith J10 .. a.·ppl-:ied c-r.eep _s:_tres.s. ,Qnc·e: 
aga~~., ba l.f c>"f t:1J:L$_ group· o·f: ma>te-r·-i-at .· w:a·s de:-·embr it tle· d q:t_ 1.200.°--F. 
Char py __ Test in:g: 
' 
.ambie-.nt tp.ughrtes$ produced by each of the yario·us eJI1'b·r:it_tlit1g tr·eat.;.,. 
:me'nts:.~ :It t.s rec.o:g:ni'z:e-4 ·t_hat Charpy tes:t ing pr.o·v:Lc:Jes: n·umber.s. o:f lim{.t-ed 
re.lat-.f\?'e-. pe.rformance·s ·of two hea:ts: c)f ·ne~r.ly idetit ical ·compo.s:it ion .a.nd 
"h·· t ;=1_s,: .. o·ry •. J.p: ~cid-it-io.tl:, ·t·h:e .smal 1 th·ic--kn:e:ss.es qf the. _material_ o'ot·ainab.-le 
.. :c·re:~p ~mbrit.tl..ed bars·,. one incb sec.t.:Lo·ns were cut- from E.'-heat gaug~e 
:specimens .we.re pre.pated f·r,orn ~b;e· wel·ded ass·emb-t.·i-e.s. This :pr9.cess. i.s. 
·:E:..orm: ciµr·:irtg :heat t.te.atme·nt and: Oharpy spe·cimerts· -we-re prepared in t.he 
16 
:normal manne .. r. ,All .s-pe:cime.-ns wer:e- or. i:ented _-par'.."c:1 lle-:1. t-c,- fhe. ·or.ig'ina t 
fq_.r cond- itfot1s invo·lv.-in:g :ere ~·p· ·s tJ;e.-s s;: ·Cha·rpy s·e·r ie-s .. c·o-:r1s is te d ().f 
:twe.Lv.e frict i-on we,l·de-d' in1pa:-ct· s pec·l:mett.s. • Since t:he.s-.:e·, twe L:ve. Cha.rp_y: 
.. 
sp.ec:-in.iens. :·ori_g_-ina.t.ed from :two d·iffere··nt c-r.ee-;p b ..iirs, all _Charp:y -bar·s 
·Chc;trpy· spee:ime.ri wits .ma.rk~-d :~:q tl1~_t: its. b_e_haviot could ,pe -_:reJ;_e·-rre-d: ·oa·ck 
to its qrtg:irta..l ,po.-s.it.ion :i.n tJte creep ba:r if rieCEtss:ar,y :•: JrcJr the_ 
tq prod.t1ci~ -defiriit·e. :u.pp.et· 4.-ncl low:er· s'he lve:s ._and- to -a.c:curately:· de.lin:eate. 
irnme.:dia.t:e irm:p:e,rs:._i:on fn t1~age_n:t gr.a.de etqyl a lcoho 1. Fra.cture: s·urface$ 
:w:e·r·e tne.n ·cfrie·d: in· a.it. a.rid p.r;omptly .co·ated with KryLon,: a p-r·.o.t·e~·_tiv-~ 
17. • a• • 
......... ,, 
·!:!e·:t;a,1 lography 
.. 
-~~t;: is.factory for s tud.y at hig:h ·magn:,i{i~::q"t:·(o:n:s •. 'S·pe_¢ime:ns ·we<re: etched 
t:he- ,phot:ogra:ph. 
:. . ; 
18 
·H-hea.~.--8:l9 .. L botirs ~::t1d: 1.42·9· .• 4 hout'.'S.. J:11 :alJ sp'ec:iJri~ns, ;t_;r·acing.s 
. . .·\ 
take .. n t:o e.rtstit'·.e t .. hat t.he. ·extended, ·c.ra .. c:k. line··s fd l:lowed t:-he app:are .. n.t 
Jl'oth. temper .e1nbr·ft .. tteme.nt a·nd c.re.,.ep embr-tttlement. :it1/V9lve. r~.·c:1ctoicrns 
,µieasur·ea.: :creep at1d'. temper enib.rittlement ·.susce,pt:Ib.:il it·1e$ ::of: the, spe·c·.J.me11s 
,examined . 
. -~ .. •. . . 
:~·IIib.t: .. i·t tled .fOr 1 o·,·.00:f) )l~rux s clit· 9·0.0 °.Fi 3..) E-~'.he:at c.r·.e:eip.·. embr·i.tt Led :artcl 
.. 
·t·r:tchl9.r..o.e thyl-en: and 1ne.th.-c1tio.l- a.nd. fr·ac·t.ur:~d b)t · .in1pa.·c:t .at a temperature 
. ~ . . 
19-
secQ11tl detivatiye; of the electro!). en;ergy disttihutiol) cd2N/dE2} were 
·r .G . .... r· d· d ,:e ,. o : · Et · .· ,.: 
. ,' . • .... - , .. ' . . 
,A:·f,.t~·r ·t-he- :S c..a1;1is:· ·we:re: com·p l.etea·., s pee imerts w·~re. :remove:·d. an(i": ,.· .. . . 
.. Jr:a·¢t:ure ·su,tfaces .p-:r;-o:te-:cted with: Kr:y:lon ·to _s:ave t];1e-m· f·ot· .. subse.quent 
-te:mo.ve.d. w.J.th. -~lc:e-.ton:e:., a-nd a.l.l s.pe-c±me_n,s 1were 4lt.ria:son1c.a11y q-tean.~-9 
·~ 
e·vid:e.n.t 'qtt -fhe :f::r a.ct.ured C.h_q..r.py .s·_p .. ec.ime:n.s.·. 
:M:fc·ro·h-ardn.ess 
. 
.- - ,·: .. ·.. •,, · .. ·-. ··, 
:G·r·:~ep-·rupt:ure- p:aJ:·s: that:: had. b.e:en .b'rqke.n .in t_h:e LQ50°F te.s.t:. se·ri·e.s. · 
t;he t:~>'p: and b,ottotn sut-'fa.ces of t_:l1e _ni<;iunt: :parallel. t:e,. w.i..t:h.1.n. ·(). 001. :i.nch~s-
·\' 
I 
L 
a:s meas .. ure.d: b:y ·m.tcromete·r near the· ·ed'ge_s. o.f the l·~l:/4· inc:h d.-iamet~r 
~ J .. e·c·t01;0.11. :Mi.¢tos¢.:_opy 
. . . ~--. . . ' .. . 
o· 
v:a·.cuµ_1;11. <le;po.s·itio·n o,f abou:t 4_QO· A. o,f c.a=r·bon on· a po=l:fs:J1'=d ·9ncl :e:tc.h·eo: 
L.ooserted·: in '-~ 2:% . .-n·it~i.l so:L--utiort and ·f lo·at-ed of:f :o·nto di,stil-led wa:ter. . •. . . . . . . -. . ~ . . . ' " . . •. . . . •. .. . ·. . . . ·. . . . . .... 
·2·.l 
.. 
:p·e'fo:re,· -meas.,ut.e:me:nt- _ •. · O.nl:y· r¢1a:tJ;.v.·~_ly s-t:·rc:1:1ght r:e;gtons o.f bo.und~ry we·r:e 
~: 
:brtike_ti .. ::clo.wn .-±nto· :th_l;"e,e'· :G~te::g.or·ie:·s::: 
l.. D:eterm·ina·tlon bf str:ess-~:rup.ture ·b·e:.h.:iviq.r; p:t·el'.im:Lnar.y 
to th~ se·lec.tio:n of specifi'c ~tp:b:rittle:m~:IJt:- :tr·eatme:n ..t.s .. 
2. Creep embr itt lemeJ1.t e . .f fect·s ot1 Char.py 
and the r·el:ations·hip of· th.~:_se effe.ct.s· 
phe ncnn.e·na 
'i.inpac:t t:oughnes.s. 
t cf t.-empe:r ·e.111.brt tt 1 eme:nA:: 
.. · 
3:.. -A.n:al:ys i:s :bf th·e ·reS:·ults in c . on:Junc·t··io.i:i .with ·f·:trte:. $·tru_¢·:tute· 
·ana:ty-se..s: ·to attempt. to· ·d.ev·e:.l:op co.i1s'ii,:t.:e.nt .exiplana,t :io:rts· o·.£ 
'the ob.set·v·ed b.e:havio.r. 
:_s·~~t¢s-s-Rupture Beha.v~f:ot· 
:'fhe results cJf ;room. temperature t~_p:Si:(.le: te·s·ts a·s. 1:is:t.ed ·.i.1;1- ·'J\~1b.l~·: ,31 
·It ··:Ls ev·:id·e·n't t·ha:t as: . . . . - . . . . . . . . .·~ . 
to ~b'out 5:8 ksi w·it,h only rnode.ra:t.~ :a.(;¢omp.artyfng gains :in. ,dl.1,_9t:ility. 
long~t tj::me.:s than E=·-11.~·at. for atiy gi.ven. a_pp.Ife·d. st:.res.~· ,Le:-v.el... Referr·ing: 
., 
.·, 
.-:· 
· .1n du.c:tilit_y·· e.xlitbit.ed. in. :H'-mat.e·rial. w.·a.s Slih-s-ta.:nt:lally' _g_-re.ate:r thcln 
t ..... b .• 1· • t · ·. t · :t ·1 1e s, .•. 
t'·imes j.us-t bey·.Q_fl:d t·he dµg_t i:1 i-ty mlniiri.um o,f· eitch lreat' ... 
. Sttr.e:s:s--r.upture: ·tes·ts on .the $am.e two :hea--ts were- per·:form~:d .a·it 
-Re--s u.l ts are s·umn1ar i-ze:d f:n Ta'b le: 5: .:· ... ~. . ·. ' . . . .. ' . - . ; ·-· ·. . ,.. . . ' .. No lo·s S: in d l:J:"C.t ·i.1 i:ty 
.. 
,. 
·:r·he. creep .,embr·-.t,t:t li11)g:. ·t1te.atrnet1t·s ·g·-ive,n --to· t-lre' 5/·8, i:n~-n .d .. iamet.e,_t· 
S·o-me-- amo,ng bars- -o:f. e·a:cb: ·h:ea·t .as- we:11 :as: a·.lon-g·· ·a giv-e:n, ba.r ._ Qf' a-Il 
s:_e·c":t.ion :wa:~ .2 ._:8%-,.9-.n.d th~ ·m.irtimtirn 0 •. 4%.. It w:ill ·be seen lateJ~ tJ1at, th~:s.e.: 
var.i-a·t ic:lJ1s ba_d ·no ·d·i_sce.rnib L¢· .effect i,n. :.i.ncr,e·as ing the sca.t-te·r 11orma·lly· 
J~t-~·te-cl in. 'Ta·b.Le: :2· _a01:~e :present ..ed· :in .Figµr·e_:$_ .5-a .. t:o· ..Sd a.n.d 6a: :to .6(:l... ·The-
· .. 
2-4 
_, 
.A c:d:til.p·ilatlon o.f th·e ·trans it 1·on temperatures for some: o.-f the mo.t.e· 
:s··igtfif :i.cant: crit.er.i-a ~$: given . .1.n ta·b,:fe :6. for ·ail ·o·f the c.ond i ti.ans• 
.. t.est:ed .. .A L~io :inc;·:,l4d·ed, :in :,'.I'°:a;bLe 6· :.ar.e ·the .-µp::p~.r s.he·lf energy 1.evels · ·o,f· 
.. ··-
·that t':J:1is ·tab.le conta.·fnsi d:at·a from.: t.h~ ~rpec·tmens that were te.mper. 
:-E~Jnb::i; i.t. t.:1ed: :.onl:Y,: 't.o ,c.ompare· wftr.i c.reep .s·peplmert data .• 
she:lf ·e·nergies~ -·both he.a ts suf·fering a Io.ss of· 35 ·ft. -.tbs. Sub:5¢q·ueni 
The. 15 :ft •. -tb' •. 6TT .. d-:1.ie: :sole1.y, to temper embri-t:tlemertt was:+·45°F· for 
re·dtrce. C.harpy upper she 1:f. ener:gie.s.. Tl1e: tn.agnitud.e :·of ·thiEi- ty-pe: o·:f 
toughne. s.H lq_s s: .se.ems- unr·e.ia-t.ed: to ·teni_per embr it t.leriient sus·c,e pt ib i_l.i·ty .. 
gr?:dtial, as: seep, :by- c:on1.paring Fi:gt1tes .S·a to S.•,c . ., Sb· to 5d., etc.. .~Althoug_h 
.2.5.: 
difficult-. F.o·r th-is re·aso .. n. t·he 1S- :ft ... -lb .. tr.ans·ltion criteri·on w.a.s not 
use,,d. Rat.het, .a-: 45 -f.t .-·-:lb .• -c·ri:.terio.n wa~ ·ch-o$_en f.or· discu,s··sio:n -si.nce :it 
4.:5: ft .. -,lb•: t:rans i"t ion :teniperat·ure·s ar:e .h.oi:gh.er for -cree.p embt.·ittled 
111a-t·er.ia.l that1 ,:for· -te1n.·pe·r ·embtlt.-t-ie:d :_mate·-r~al,_- ~.o.th ·b-e·fo.-te and afte:r,., 
,. 
de: .... embt· it.t: leme.nt- ,.. ,lti -q-ci:d it i·ort, de mii_embr i t·t 1 ing -tr~.a.1::me:nt·s _prodtic:ed. 
:of :a "temp·.er .emb.rittlement. type _e·.--ffect:. ~h~.s~· ·ob~~r-vatio.ns: :s_ugge:st that 
-atthough teJTI.per .and :cr:ee·p: embr:lttlement o.c cu_r s imt11:tan·eo.usly· fri a give.n 
.'.I'd det.·errni..ne _:f f t-e.mper and .creep etnb:rittle.ment. ~rf fe·c·t_s on tran_s. it iql)_ 
.. 
t'em-,pe-ratures c1·r.J:t t.r:uly: a:cid:itiv,e., th.e trari:9 i.tio_ri; :Shi.f·t clue to tempe·r 
.o.:f· c·reep .and temp.et ·emhrttt·lemen•t,. IJata ge.netat-ed- in this ma.nne:-r fo-r 
ltowev.e:r, Table 7 .a·lso impl_.i.es t._hat the niagnit:_ude .o::E" tli~ ·pe:r:ma-nent-
,d:fsp::l.ayed ,some se·nsiti:vi.t-y tel t;eniper· .embrittl.eme:nt. ·f.t .c·d:·uld ··not 1:re 
czo.n1:trated- on ·the Q~~t·s- of :their re:d·u'ctoion ,:fn ttr:.-eJi c..u·rv:e_$:· ·a.;to:rte, it: :·c·o.ulcl 
-· 
.h·q_v,e b:e·en -held tJ1at: temp.e:r emb·ritt l~ment:: tertde,d'. to· ·red·11_c~: ·t:be: .impact o.f 
.:f.fet al 1 o,gf:q pl;ly 
~ . . 
. . ·- . ~.. . 
·fa:Ll-µ_t.-e· tfmes :be,::fpr~, <:lurin.g and: af.t;:-e . .1.: the duc-.t._.i.}ity tn.inimum. An 
arta.1.o,_g6-u.s s·erie:s ·of ph._o:tomic·r<Y-g:1;_-a,phs for H-:h_eat i_s .in:.cl.ud'ed in :Fi~lxr.e.:s 8a-,. 
f:,r:act.ur.e, while the- othe:r· ·re;pr·e.sent-s ... a.n. -ar:ea ·fqr .r._emo·v.ed :f'·rom the: 
.. 2.7 
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. ' 
the, st-ruc:ture .•. · Th.e: mi¢ro:s·tt.uc:tute:s o·if· s.p.ec ime-n.$- 'nea,r t.h.e· <;luc:til·:Lty 
th.ird s·ta.g_e ,o . .f: cr-ee'·P. -A Lt.hough c.:r:ac:kin:g .ap.p~>a:r~ .t::o be less extensiv:e 
·. 
ftfr r,eg-io'ns- .re-moved. ·£.r·ont -tihe :fr.ac·tur.e surf·ac:~ ,. · 11:Lgb;e:r ma-gnf:f{:cat.io.ns· as 
• .. t·.e._gi·cin.. .Ruptur.E} sp:e.G--ime.rt.s tha'.t f-aile.d· ·a .. fter ··th:¢ ctuct:i. li ..t:y .mfnimum, 
2,8· 
.a 1$0 c;i_~mon-st.t.at·e that i11-t~r.g:rartJ.1.l~t creep· vo.ids .are o.f ·two =t_ypes,- ~ t:·.hose= 
_Qu~ln~.i't:at.iv-~ M~~a lJqg1;aphy· 
. -, .. ·•· ··- .... . -.. 
s·.ub:se.quent •gr·ow.t~h .Qf.. ·g=:t9iI1., bo:uncla-ry· c.rac_:k_s: ·d\:(r itig· :<tr'€~.e-:p ·efub.r1.tt fe·me:nt . -
. . 
. .· 
. . 
i.:t= is. ·felt t ha:t th is. ·is a-n e-ffe.c t o:f t:.he t.wq-:d im~1\s: iot1cfl s·.e_c.t i.o:n w:h:i <.>h 
.. 
m.~-as·u.red -~in. d·istr ib.u.t:Lon .are tn·c l_t1ded · :in t.:he A_p:pe-nd.fx. Th.e -me.a,n :va'.lue-
·- : .... ;
·2.·.9 . ··, 
C;o,nsist.ed pred9mj.x1..artt ly ·of tt:aris_gtanul.ar cf.eava:ge. Al 1 ·spectime·ns, 
:howe.ve:r, d:icl exhib:i:t.· a :small. amount-of· ·_i:i;itergr_anular fr.:actur:e:. :S . ome :of 
-this. inter~ranq;la:r f-x-ac-,tiite: S:·,utfa.c_e may· have bee:n prodt1ce.d duri-ng cr~:e·p. 
Al.-tho.ugh q:ua·nti.tatt·ve de:terminat:ions of the percenJ~qge_ cfr'. the fri1ctur~· 
.. surf:ac.e ·c-onsisting. :qf· grain botittd.ary facets could not be. ac.c'c5nip.li~;hed_, 
:i:t :-seerne:d a:s· if· the severely e~h:r>it-t 1-e-d 10:,:.C>OO hour -sp~c i111et1 exhibited: 
. .. i . . 
.. •. p-ro\tide:s. further e·videnc_·e :t:hat some ·grain· boundary fai:lµ:·re: wa-s ptod.uc.ed 
in c{Ll specime:ns_,, stpc:~, .grain bou.ndat.f.es .. ar.e th'e _most lilcely s.e.gre_gation 
t'ions o·t impur.i.ti.es pre.:sen,;t: at the :grain .boundar.·te$ aJ:te:r segr~gatior1 ... 
Qt1_a Lltat:ive. ,c,o.mpari$QQ.S.. Ga.n· be: ~G¢ornpli·she:d, however, ?Ven whe_n coti:s ide .. 
mate·rial .exami·ned· . ' . . · ........• 
3·0 
·' 
·c.=-onta±,ns, :·a l.at'ge n·umber of ·carbtd.es. Urt:f.<Ir-ttina"t-el.y\., .e.ven ·though- f·r:act.:ure 
--was: a¢¢:-omp1is·h·e.d in a. ·vac.uum ·of l,0~ 9 to.r;r, tbe: :d ,pe,~t:k and t:o a l.e·s-se.·r· 
:.e.:."xten:t :the .. C. :and N _pe:a,.~s :t11-d:icate th~c:;J;--t. :some co-ntarrrina t. :Lo:n of .the, 
:,f tact:ure s:ur £ .. a.ce :was 1;,rqdu¢ed by the :ads-o.t.:bat iori ·o.f ga s·e.s:. 
Comp-ttr·:Lso·r,i· o.-f F·.f .gµr_e$. .1 O,a .at1cl. :b- rev.eal th:at temp.e.r _eµipt it:t:lem¢ttt 
· les··s:et ·e·x-tent . .,_ ;s1:i-_, :C·t.1 -anc;l N·'i ~re also- .pr.esent :at· ,gra.i.n ·b·oµn_dar.i¢·s, w.:h·i le 
of the. d i.sso:ltit.i.on o::f' ·MoiC· ne·=edJe.s and rE:tptecip:Ltatton .on ·gr a.in. ::bound~ry 
.. 
·The ptetserrc:e of. tJJ.e .suiphid.e. wais: verified· by. sub·sequ~.nt: exa111ination 
... -t-h:e lar:ge ·$PO~ .. s'i:z.e 0£· t'he .eT·e,c.tr·o1;1 ~e.·am (R:flll1Ill).. T:he ·segrErga.tio:n ef.fe'c·ts·: . 
. .. 
·. 
·.£.r.om. 'fhose t9: b:e e-~p$·Gt~_ed· from :-a temp·er .. embr.it·t;l~D.Ient tr·_e:at.ment of "the· 
" s artie ·ttme· and· t'~1II_pe ra·tµre • Wl.thi·n· the ex-i.st ~ng: t.1t-1c.e,r ta,irt t fe·s, it ·c.ou 1 ;d 
.nb:t: be.: determine-a. if cre:~P st-r.es·s. 8.CCEller.at·ed. o:r ·r'e:tar·ded: t.he ttac·e; 
:Ilow·'eve·r -. 
. ''.. .· .. ,. 
S_c;~nning Electron Microscopy 
Figures ·11a to c are phot.ogr._apl;is Qf .C·h}ir·:p)r 'fract·tire s.urf:·a.c-e.s 
te~,p.re·s.enti,ng .t-hree d if fe.ren.t. condit·J:ons·: ;m-h~'.at . .t:enip.er e_nib.r':tttl,ed ,E--,h-~:~t 
.. upo..11. co·mpc:~rr i:~·9·,n :o.f t·h:e=s·e t hte:e:. sp,e·c imens_; .th.~ ·s):i;m:tq -rtiltip le:d :i:1a . t·;ure .of t,he 
:gra-iti b:ounda:ry :surfaces, is' u-rii,fo.t.mly e·vider;it ~ 'r.he. ~-e~sJ:>.ns :f.or ::-th,e 
,a.ppea.ran.c-e: of these gra-i'n: bc)und:a·r_y :surf:ac.es' ha.ye: ·been doc:ume.nte.d by 
fo.rm-e-cl at th;_~s:e ¢-ar-b idie.s. ·The· _.s imi.1.arft·;Le$ ;ir1 .. Etgu.re.s lla to. 11-c 
·.irt· 't.bis -It1ve .. s:-tiga.t.fo11. T:i1e·$:e ob$e-rv«':l-tio,ns, t.eiin:fo.rc.e ·t,he .Aug$!' 
' 
:·M'ic-r.o·h:a:rdne:ss 
" _.· ' ... .-....... __ . ,, ...... -
_• .. 
·.. . ~ . . 
.. -
.·, 
.. The -~ f t.e.r· . f r:a.ct.\tre ·n~rdne·s:S· :of :e}:tc:h. o.f :the ·st:re:s $ ·~-:r-up:ture.· .s p.e c_ime:no:s 
:re.ached a _plate·au ancl t-_he·n e:xhib·.fte.d a sec-q:rtdar.y :ha.rdne,ss: peak:.· · T.li.e 
:e:mh•t-i.ttl--emetit ._a-nd :.th.e -Et-:¢Cptnpa-ny-ing 1:crss i11. d-t1ct:fLity :a·r'e clos--eJy 
embr:i. t·tlemen.t.:·' s .. , ef fec:ts: on C:har·py tougbne .. s Sf··: 
:The .t·o:r,.-ger :_:rµ_pture_ 11.fe -o·:f ·H:..hea·t ,.spe:c,imens for a. .. 11 :$t-r.:e_~se-s us.eel, .. 
. • be{ha-yt:o.-:r. :g.µri.rtg :tiecik·i-n·g_ and fai:Lu:r.-e. a·t--e·_: not: o·f great engt:n.e.er:t.n·g interes:.t 
.phe,nome:ng_ •. 
mec:i-S:·urements. 
-
.. • . ..- . - . . . 
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.. 
carbi-d:~ rea~tiorts a:nd distrib.utfons on t~.he c .. r~:te·p embr:$tt.letnexit- .p:ro-ce.s.-s. 
·Fi,.gu·re.s · l2·a. -~nd· .12b te.pr.esent· the ca·rbide ·:m<l:r;-phologt·e.s a-rtd di·str.ib.ut .. ions 
.. 
::s~m.e s.·e:t"i.es o·f b-ars p.reviously e·xa111_.i;necl ··'mE3t.a.·ll.o.g:r·aphicall.y. 
Sev:e·ral mi·cro!1trt1ctut.-,t1 ·fe·atute"S ·are .connnon to bot·h. h·e-a-t.-,s=:· . . - . . • .. · .- . . ' . . . . . . . . . - . - . 
. . . : . . . .•. . . - . .. . . . ' . . .- . . -. . ' . - . 
'lar.ge, lenticula.r c_a.r,bides a·t: :grain b·.oundari~.s; so.me· lar:ge caib:l.des ·:i:n 
.grain in_te:r_iQ:r:S; a_nd a band of pte.c:tp·ftat·e fre<:I ·mater·tal o·utlin-ing ·,, :. 
The fine ne·e-d:tes: •. - . •• ', • - -· • • • . • • • l - • 
·distribution· of th~. la.rge:r carbtdes -was, s·uc:h .. tha.:t c-le·ar dif··fr·ac·tion .. 
r frrg.f3_ we.re. not ob:tainab le. :S·1n.gl.e cr.yst·a i d :i..f·f raGtion patte.r.ns: .ob.s:e:rve:.d, 
by .s:e-vera.l re.:sear-chers. (9,l·6o,17) 'It is s.uf:fi.c:ieitt to .no.t.e for t·he . . . . .... - ' . .. . .. . . ' . - ~ . . . . .. 
. ' . . . . 
pii:r·pos:e·s o..:f this 1.nve.stiga:tio11 tpat these larger :c_ar·b-i:des·, wh.ateve:r: th~.i..r· 
·c.o.mpo·sition, .. are- more. ~:.ta'bL.~:,. -~riJ.l ·grow with time at. the, ,e:~:p.e.n$e t>"f Mo2,C., 
_g:r·a:dua·l.l·y a:ppro:ach.in·g: th~ co.mposttion o.f t.he equ-iltbrium ·c.:arJ>.:i..de. 
C-Oiitribut.io-n to cree.p resistance-. 
3:4 
o·r t·he ·v-arJqu..·s: ca.rJ:ri_peS: a.r.e ·s.eJ:~-:n ·to. d:iffe·0i;- s._ign.ificantly. when ,b.as,e-
.. 
c-.oncl.tt·ion s..:trqct.:.t{re-.$ 0£ t:he: :tw.o.· h·ea-ts. a:p(= -~_omp.a:r.eo.d •. H~·:he:,at: :C:on.ta.ins a 
tto-n :at;d s:(zJ:~-. -of el-onga:_t:ed. ,c:a:rpJ.:de:s out·lining prior. aµst·e1.riJ:e g:r.aiti. 
:l.4.a-.c th·at the: nunibet of· 'Mo2C. )1e:edl,~.$ ·iti.crease·,s; .o:r :at lea-$-:t <:{Q$S· ·no·t 
de:·ct\e.a-s;e- :f:o:r :t.im.es ti:p ·to :th·e d:uct .. 1·l:i_ty m:Lnimum. •. As, s·ho_wn in :F.i_gU:,res. 13c 
t :Lo.rts lls:ed.,. t·he :pa:r··t: it:le.:s have :a.l ready t:o.,s t· t:he i.r c·--oher··en.c_y: wt . t·n. t.J:1e. · . , 
. 
. 
-roa-t:.rix. :(13--16) It. '.i.$ th:u:s ··thotig.h-t t:hat t_he· ''irthe.rent' c.ree.p .re:_$:is,t·a-n;c:e. 
E.-:h:eat· 
.. ' . ;., . -•-
.35· 
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l,\ 
:cr:ee.p,. ·Thj_s'. :ty·p.e o·f prec i.p.i=tat ion,. ·alt:h·oug:h. irnp.qs s.t.ble t·O' o:bs-;e~rve ·b.y 
. . 
ob~~te.rve.d ha:rd_n'¢.·S~ p.eal<.. 'r.he ±n<Lt.i.~1. dt.cfp, in .httr·dnes:s cir-n h·e a:tt-x:i.but.ed 
. . . 
:·ctu:ster:s, .whiLe: .sof-t.entng: d:ue to ,.nor:mal te.nipering :rea:ctio,n,s. p·ro,cged:s: 
-~n~b:a"t~e.d. .• The long: ·re:g.i.o_n. o:t :relat.l,te·ly GOris:t.artt h·a·rdne::ss ,can he: 
. • .. 
'T:'he :imp:o·ttance: of: t.hes~: tentp~·-rtpg :pp.e.nq:me:I\.g .. c.a·rtno:t be ·o.v:er:·_loo:k-ed: 
~ .. 
·to: inc.tease· .wh:LLe ·r·e·.qµirJJtg tnuch lo,p.g-er· P.rec.-fp.it·at:ton ·t ime'.s:.. ·r·f ·the 
. ,. 
. 
,. 
du·c·tt1ity .loss.,e:s :.'.fqt l9wer' _e,rrtbtitt=Ling e·e:rnpe·ta·tu·r·es. and t.h,e: muG{1 ~<)ng:et 
/ 
·, 
·retied· ·h_·ea·vily on ·the d,(i-velcipment o:f _a de-nud,e·d :ztjn·e clt p;r-Jo.r ·a1.1stenit·e 
.3.6 
" 
:gr}:1 i-rt ,bound-a·r :Les . Exam~ina--t:io:n: ·of dertl.1.d-.ed z·otte :w i_d.t:_h c·h:ar1ge·s as 
t-J·rn.e ff tip -to :frricl b_ey,o·n_d .the ductility .mtnimurrr:_. For -r:\1pt:ii:t'=.· ·t. imeJ{ lip. :t:o 
.. . f:cJ.t the :magn±tud.es· o.d:" th.e ·o:bse:r·v~:d lp.·$-_se:s fr.t bo·:th, ,cluc-tilit.y cfnd to::.ugh-
.'nes:s • 
. . . . ·, 
lit_ two distin:c·t a-re,a-s :· l) c.re:ep dµ~t:tli:t .. Y atld 2J c;ilnbient :toughnes.s. 
t.hese are~-
· .. - ..... '. . . .- . . . -- . 
1., ·t:r1c·.·.:t·e.:a.s:ing: s tr.eq_gtp: ·of gr·~ ln ittt~J~.iot\s: .ca.·us..,ed h::Y: '.t1o_2c 
·p. ·r.·e· ·  ·:c·· -·1· p.1•··,ta-t .1.· ·on·. : _· 
,-- .. "" - ' . .. .. . . ~-
2 .: C-hca:ngirtg: mo·r.pho 1-o.gy ·Of: ·t-J:-1e .gr·a J.n ·b·c)l.iI);~l.a_:lt·.i:e S· ·.-±rtvol\r·in..g 
g·r-owt-h of: e.longa:t.-ed- b·o·µnd.a)?Y ·c~·rt>.id.e.-s a:nd· J~:rc!>"w;trh: of ·th.e 
·clenuded. z·.o.ne •: 
3 ~ :Segregatfo:n of_: trc1-c~ ;L.mp-ur.iti·e$ t.o ,gt:.a_:Ln b.ounda:ry ~·urf:a-ce:s .. 
4-. Cont.tn1,1ii.1-g nticleat:icfh· and growth of s.:train indu:qed cree-p ·vo_i_l:i:s 
,at ·tr!:ple :point,s and o_n grain -bounclar·ies pavJ_:ng an apparent 
re_lati:onsh:i_p -with the direc-'tion oJ.' th·e ap-pli_ed tensile s:tre::_ss:~ 
above four ph~notn.eo:r1a i-s f't.irth:er c.·omp.l·icated by·· :t.h~_:i::r :exp:ecteci interre l:a ... 
-i . 
p·r:ec i_p·:ftat:.1:0:n :t'ea:c:t io.ns: t:n tl1i:$_ -a.Ji lciy· (13) .a·n·d may have .a,n e:cff·~,c.t .Jn 
:3.7 
'/ 
,. 
c.utVe:s i,· t:n =add.it io.n.,. q.r~=e.p· vo·ic:ls. at g:rain bound.a:ri.~·$' .a;re f::be·. :mo·=s·t 
" C·hcitl':'.Y e11er:g·:ies :me:a.s·ure :co·ntr ip:4t·:io:11s, t.tbm 1:::wo .. maj·or s:o.ur~e,s.: the: :ene=rg,y 
:-: .· 
.. 
-i.tself. For the· ste·~1 stu:died., pdth apptoa:ches yield .s:-imila.r i·tisight~-
:Eve.n in the 
·'·. 
. . .: . 
. abse·:nc·e of addci.t.io:nal pre.ci:pitatio:n .d·urf:r1:g cJ:.ee:.P-, gta:in inte:rio:rs. a:r-e. 
stre;rrgt'h w:tth the preseq.c:~ c.rf a. d'.enuded :zqne at .gra·fn bc>und·ari.es;. ·efi:e:c.t-
:de.red :(95:0·°F c:1nd. 1CJ'50°.F) _ _,. d.ec.reas:i:ng s tre:ss it1.c:r:ea·ses t:he t.endenc:y 
·for c:re.:e:~ p .st:~c:(:i.ns to ·b·e at;~om.od:a:t ed at tlie: gra·in Jtoti_n(ifar·y • 
. ,
-a denµded zone., :and. de:c~·reas ing str·a·iIJ.. rat::e:. refqt.rite· t:he acc:.omodat ion. 
alon.g .the :g:ra i,q. b..ciµndar.y ·.surfac~.-~ !· 
A mec·ha11 . .$s.rn fc5r ·c,r.ee-p· embri..t.t l:etrie1it: p:t:opo.s.~.d b)r Rope.r sti.:g··ge-st·s that 
.. s·1.id fng: :is.- al?prox:LmatJ~q· by· a ,she.ar d·e.fo.rmat:i-c>i:l in the .wea}c·~r denuded z.one: 
:d·efprmat·,ion c,o:ncen'trated in. ·thi.s we~k·er region leads t9 l.ar:g:e locJ1l 
:st·.t'c'l:i.ns: for ·Vft.r.;y· .small mactosc-c,p·ic: cree.p st.tai-ns .. I:f ,g,r~fn boundary ; 
. . 
-
•. 
:$t.res·-.s:, i.e·. qn bo'µnd·atie.s. a.t about 45° :t,o :t':he tens:~ile ax:;i.El. .the f·a.c:t. t 
·39 
·. . .. 
me.-cd:iani~m fo:r prod.uc-tfort :Of visible cracks. is: s:o.mewhat in(:Jre. <:ompte~~ 
··: prev:eil.t the acc.umul.a t ion. of wor·k-.ha·rde;nirtg· in th:e.s e regions •. 
fo_~ the g;r:owth 9.f creep. c..·a_.vi_ties t.ha/t includ.e·~ p·qth tbe .. tensile a-nd 
··B'::tief:ly· d:escrlbed.,_ hJs mo_del o·an be- sunnnarized in th±$ manner: D.u-t.ing. 
·su·f.fici-ent:ly la_rge f:crr t_:he applied -norma·L st.r:es:s tq. ·1:,;~come -i.mpo-rt::_a-nt: •. 
·-F.rom, the O:D:S:e·:1: qf StageII., ·i.t ·b:ec.o.mes the a·om.lnant :crack gro-wt.h ine·chanism. 
A.e. t:h·e end of: .s:·t:-ag_e· r, :Evan·s ·-ma:inta:.fns that cr-ack5, woµld: ·be: in so.me f, ''' . 
te·nsile stresses become mdOre irnport:ant d:urin:g St:~'g_e- :11·, oh.ly th:os:e: 
cr-a¢k$ nia-k.ing large angle:s to the ·t~J1.s-:Lle: axis are favo.red to gtow. 
Evans·' :po:·s·tulated maximum in the Cirac·k otien·t __at·io.n. :_distr.ibut·i.on ·th..1Js 
s:'h.:ift·s to: :h:i·ghe.r -a.rig.le s, with the c9J1t~tnY<lt:i:.o.n .of c.r.e·e:p .c.·av:.itat ion in:to · 
'·, 
.s:-tage II. 
40: 
_·in·te,_r:·fac.es-,: t-e:n .. s-i.le.: ,$t:r::eis-se:s 'WO:u:ld. be. -e:x:peC-tE3-d to be· p~rticui.ar·ly eff:-i-. 
. . 
a:r:e pt:e.s.erit ~n a. hi_g:hly restra-:in:ed ·d·enctd.ed ·z-:one o:,f ·much l:ower: .stre:n·g.th. 
··than_ t.·h.e s.tirr.ound:ing .g·raJns. Fo:r d:e.nude:d· zo:ne·s in ·boundcfrie:s makin-g. 
· .e-mbr it:tlemen·t that~ h-a-,te bee.:rt observed. ·r.1.pfe·r g.-rtq McLeq;rt {34). ·hav.e 
;S·ince: 
. . . ·- '. :._ . 
'·C 
rt1_p~µt:'~ lif~-, .~i.:n~l may: al.:so ·exp·La .. in ·E2Ji·~lat·',s· lar:ge~ per:manen·t :t·rans.itiort 
shi.:Et. T.l;ie- ·.f.·~ct th~t E~hea'.t -exhib:Lted. g.r·eat.e-:>;' CJ:'~ep ductility c-an. :h.-e 
:re:l:ated to tfl.E3 ;c;l::L·ff;$.::t::e-nt _ca.r-b.i.d::e s.tructu.r-es ._in_~.ic:Ie: gr~ins -.. 
.co·Nc-J: .. :us ro·Ns 
. ' . ·~' •. " . . . . . 
·tcJ t:e111per embr'ittlement ·s:u.s,.cep.t;i.b.i,l.it-y. 
p:roces:s:e·_s· ·have: no· s:lg:n.iJfcap.t e·:ffect :in :c-hatrg_ing the· .n:a'.t:tlr-.e- of 
t·h.~- :grain ·o.ounda·r_y: region:~ 
.cr·eep embrittleme1tt ':P·rOGe.'S$ ccltJ b:e d.itectty. att.r·.:fb·ut:ed to· tJre·. 
:5-. •. Cr.e·e .. p iri'ducl~d- .c_avitat:io.);1 .a-t: ·prior a1t:s:·t·e·nite :grai:n boundaries . 
'.to· the pr~c-t:PJ.ta>:t.:io.rt. of. Mo2 C, _·and:: .the mo.rp'.hoJ-og_y· of the grad.n 
boundary re·g:iQIJ.-:·· A. t·w:o·,..sta-.g_e '.c:re·ep rno.de·I wcia: f.ouncl to ·sa.titsfa.c::~ 
::i.n :pro-duc.Jtrg the obs_:e·rved grain boundary· <;:rac:k. dis:ttibtft-i:on.: 
43 
· .. {. 
·.:~-: 
REFERENCES. 
l!; E®ner.,. L-•. G.,., C.leus:er, C:.,:n. and, ·tow_·, J.R •. , '~Cri:t,i,ca-1 ·L.i-t_e.·ta.tur-e·. 
Rev_iew o.:f ·E.~br. i~:tle:me_nt- ·irt. .A54.-2·, S· teel.,- '' ... ~\g_·p:e.:r: pr:e.s'e-n:t:ecl 
to the ·PVRC. 19·72,. 
. . . .•. ,. . ...... . 
2··. ]3rUsc·ato, ·R'..,: "Tem_p.et .and Cre.e.p Embtit·t .. l:eme·nt. of: ·2· :1/4: C.+· - l ·Mo 
Shie: 1ded: Meta:l A't::c: W·e t.d '.l)e:po·s :i.-t., t., Chica.go· :B~:t-d:g·e: and: ]:,rort. 
C.om:1:,·any, J1etals ·Re .. s:e·a.t:ch Group_,,_ Deceuiber· i~J6°·9 •. 
31 • .l<er--:i:, J·., '"Ltttrt_ature .. ·Sur-vey·~·-.C:tee·p :Embrit:t.lE;me-n:t ··.Q, and T_, t: 1./4:· Or: 
·.5 •· 
l Mo,,·" Mater:La·rs :1ab.o-:rato.ry-., R··ic.hmon·d.,- ya .. , 1·9-~i-6:. 
:Ro·pet, c, ., ''Cau:se·s: of C:ree_p Embrit:tteme11.t ·in .2 l/4 .C,r 
Lt1ket1.s Ste.e:l 1C·ompan,y, ·mt{ ··69...;2, Ja:r1µary J.96.9 .• - :L. Mo :S tee.:l. ·tt .. . . . . . . .... J 
:·s:w.itt, R •. , i,A Revi~w· cff the· ·Embr tttlerrie:nt of- ·-2 l /4 Cr ·.-· 
· :L·u:keps ·$t:ee l :_cowpa)1y ,: :-RDR 69~-23,. Dect~:trib:e-t· 1969. 
6 ., :E,_µttmaµn., ·w, •. :itnd. O:pe·1, ·P· • .,, '"The- ·-:P·te:s:ent· ·:Pos·-it:fro·n :i.n: ·Q.erlI}.an ;c·:r·ee·:p 
'l?:ests on St_an·p-a:r.d Cre·e-p :Re.s:is,tant Steels .. i, · 
:7 .• Glen, J., "Th~- Prob·le.m of'. Ct·.eep of __ Metals~: ... C.ree.p Emb:r·:tt:t·J-~iµ~:n:t, t,-
We lder, V3:2., No. 15.4, A:p):~-.--.Jut1e. 1963. 
8 ... Roper, C., "-Cr~:ep Emb·ri'ttleme:nt i.n A·387-~·D. S·t·e:e 1., rr ·µtik~:JJS: ,s··t.e.·e:J 
Compc;iny.,_ 1{P.R 68-· 12, J·une 1·968-. 
9 •. ·G·grat~fa:l-o:, ·p., FundamentaLs- 6f Creep a-nd :Creep. Rupture in _ :11,e-:t;~l.::~_., 
'I'h·e.: Macmillan Company, · New Yurk, N. Y·., · ·1965·. 
1-:0.. Jial-~_, K., "An Electron ·Microscope Study of Changes in· a 2 1/4. Cr 
1. M.o Superheater Tube Steel During Temperi°:g ·a.n..d. ,Cre·ep:, .:, 4th. 
lnternat iona 1 Conf.etence o.n ___ ·. E Le.ctron Microscop.y· ,·,. ·· .• :65·0·- 658. PP . - -... 
J l-~ :J{ood_':f·ord, D. a:nd Go-ld'ho-f·f, R .. ,. ''An Approach to ·t.he _U_nJl-e::r·:s.·t·and.ing 
c{f Broi.J:-_tle B•ehaviot of: Ste,e·l -at El~vated· Tempera,t_ure:,-'·' :M~terials 
:Sc'ienc_e atid E·n·gineeting, :v-5., 19.69, pp-:. 30_3-32~. 
';Smith, G ._.,; net.Mo· aJ1_d -C.r:M.oV :for Pow.er '.Pla.nt and- ·Re·f·tne°J::y ·s-e.rv-ice up 
to· 1·1:QQ 9 F,_··tr -Re-pr.int from Climax Motybde.num Co., New Yo:r·k_, N:.J •.. 
L3 .: ·w·ood.head·_, ;r. ·a:p:d Q·uarrel 1, A., "Ro le- ·of -Catb.ide.s, in. :1ow Alloy :Cre~fl 
Res:i.st:tng Steels,'' :JISI, V203, Jt1rte l.965·, pp. 605-620. 
14.-: · Nutting, J •. , :~11·d Arro·w'sm;i.th, J.-., i''I'h.e :Me-t:a_l.lography of Cr-ee:p·..;.·Res·i.s-
tant Alloys,'' !SI Special Rep·ort 70, 1961, pp. 147-165:. · 
1:5. Honeycombe, R.W .K. and Seal, A.,_K.·, ''The Ef:£ect of Some Minot .::E;l_eme_nts 
o--n the Carbides Precipitated Dµrin:.g 'I:;empErring," ISI Special 
·aepbrt _64, 1959~ pp. 44-57 .. 
. l+4. 
1q._. · N:il.¢shw·a'r, v ... B •. , , .a.nd .Qua:rre 11, A.G., ·"E:f:fe.t·t o·f Creep· iJe.£0.rmatio.n 
at 6.00°C ·on the Tra·ns format ion of Ch.romitdm Carb :ides in :Ferr i.tt·c: ·- .. -· . . . . . . .- . .. . . . . ·.. . . . 
-.· .. •
Steels," -rs·t· Special Report 64, 195.9, pp .. 259-271 ... 
17 •.. ·11:tp:te.r·, H.·R.., Ta.y,lor, :L _.:H. and· Hopk:ins., B .E., ·''Some Direct 
·01:>.setvations o·n .tJ1e. ·Metal iography of _C:ree.p~C·av1.ta:ted Grat-xt 
Bo.tt'ndaries, ff -Metal Scien(;e J:ou:rn~l:, ·v4, $ep-t:emb:er 1-970,. 
pp. 167-170. 
l:8 .. -
.. 
Mul.lendore, A .• w .. -and Grant, J .J., nGrain-B.ound-a•ry 
High-Temperatt1r·e Deformation," D.~-format·ion. and 
_Elevated Temperatures, M.I.T. Pre_s,s, Cambr·idge, 
1965, pp. 105-164. . 
Behavior i1t 
Fracture at 
------Massachusetts .. , 
19-.-., ,P·i1k"irtgton·, Wil loughpy arid Ba-r.;fotd, ·'·'H.ig:h.--''.remperatµre :P.uct·lii-ty 
-o··f·· $:ome· .Low-A llo·y F ei::r•itic Sitee ls,<·'' .Me·.tctl S.c-:iae-;r;J<;_e. .Jo.urna:l, ·VS, 
J:anuary 1971, pp. 1-8. 
20. Cq-tt:rell, A'..-,: ''Intercryst·a,11."i.ne. ·c:re.·•e_p,, F,ract1ites:,?"° rs·r S:p.ectal 
R-~.pott: 7·0, 1961., _pp. l-7".: 
- . 
. . . ' .. · . 
21. .{~:leJ1, J· .. , ·"'.An E-x~p-e.:r_tm~nt·a.l SJ:;t;t~i:y .-of ·the Strengt:h and Du·ct:·iJ_ity ·:c).-f 
'SJ::e·el at El.eva,ted: Teu1pe_rat1Ire.s, ,.. ASTM STP 128,, p.p. t:84-2-21.,, 
~STM, Philade 1.phi:a, L9S.~. 
22~., Ho1lotnan, J.H.,, "T·emper: B-ritt·_.l:e-tte.ss, '' Trans_acitions. .ASM. V36:, .. 194.6, 
p-. 473 .• 
·20: .. Jc(f .. fe-, t)1}. ·a.nd Buf furn, D. C., "Isothermia.'1. .T:em-pe-r :Enibr:f,t:t. letne_rtt-x ~' 
T_r.:a.nsac··tions ASM, V42, 1950, p. 6'04. 
:z.,4... C.art·, F.L. et al., "Isothermal Temper 'Einhr:1.tt:·le:m~m:t of 31.40 S·t.~:e1,. ff 
·Ttansa-c.tions AIME, Vl97, 1953, p. 998. 
-2.,5.. Low., .J:.R. _, ·Fra,cture of ~n-ginee.ring Materials, ASM, ·t.964, p. 127. 
2:6·. W.o:o.:d:flne~ B,11C:~, ''T·_etn..per Brittlenes.·s--A Critical RevJ.ew of the 
L.:i.·t·era.-tur:e:, '' .J.ISI., Vl.73., 1953_., p. 229 • 
. 27._ S:teve:n, W. and' Balq·jiv,a, 1(., •'The Influence o.f Minor Elements on 
tli:~ ·isothermal ··Embrittlement of Steels," J·rsr, Vl93, 1959, p.141 .. 
:28!9'. _Jps:h_i, A. a·nd. S:tein,, J)·.F., "Temper Embrit.tlement of L·ow Alloy 
f>:te.·~·ls, .,, ASTM st·p. 499, 1972, p. 59. 
:29. -:I?.o:w_ers,- A .E., "A Stud·y of TeII1per Brittleness .. :i-n Cr-Mn Steels. 
--Qq_p.taining Large -Amounts of Molybdenum, Tun·gs ten, and Vaµad i~·,. ,,r 
JIS·I, Vl86, 1957 ,. p. 3:2~ .. 
:: 
3.(1. :G·'.la~,~:e-r, C.-D-., Ertnner:, L .. G .. , :Pense., A:.W. ~ind Stou,f, R.D., 
·,,A l'h~.nome·nolo:gic.a.l Study of the S1Jscep·ti,b:i.l1ty to Temper 
Einbrittlement of 2.25% Cr~licMo, '' P:ape .. r presen·ted at the 37.th 
ni{dyea·r meeting o;E the American .Pe.trol.e.utn I.nstitute 's Divis I(ln 
o-.£ .R.e-f ining,. :May 1 :L,_ 19.7.·z .• 
:3:l .~. Thutrtf A •.. an·d. Ri:~ha:;r;d:, _·Kl-, '·''the: .. Embr:Lt·t-ieme-.nt ~tfc1. D.am~_._g.e t:J.-f :H·ea.t 
Res is t·i-ng St·e_e .. ls in_ Gr·eep," At~c·h.{v ·.fur d·a:s, ·.;ft:i;s_.~-nh:.u_-,t·t:.:en:we:sen, 
;·vis, :pp. 3J-45, 19:41_~42 ..• 
3..-.2 .·. Graint,. N. J. , .-and Cha·-udh·ur·i .r A .. a. , :"(J'r:e.e p .. ·and: .frq, .. ~tu.:re ;_" '.Qe.for:mcrt>-:ion· 
_and ·,Fracture •at ~l~va1;ec;l ';rempeta~ure:s., ·M·. I .:'.f\. :Pre.s$.,- Camlir::i.dge, 
'.Mas·sac.11use·-tt.s-, . 196:5:, :pp·. · 1os-/164 .> .. . . 
3.3:.. ·E_.v,ans·, H .• E • ; nT_he Or.o~-th: ·of C::re:e.:p ·.C'.cfv,.:ft-ie·s:· b_y ::Gr.a t.r1 'Bo\t1tcla:ry 
::SJidin-g,.''. The.- Pb.ilo~:o-pb.Jc•_:aL :}'i-a;_g·a:t.-in,eJ :·V23; 4!--1.$:5,. M:c:1y·· 1-'971,. 
p .. p . 11.0·1- t 112- . . . .. . , 
;J4.~ T·f-plet_, .H .R.. and· :M:G.Lea::-:1;t, .·D ... ,, '"'It1f:1:ue.rice· .o·f. Inte·rfac;~ -E.:rter:.gy· .on 
Ctee·.:p: Rup.t:ur~ .. , tr· -Met·qJ S .. ci.Eftic,·e Jdt.1:t.na·.ti -V4, May :1970., pp·. 103--107 
:35.,. 'Mc/LeJl:n :n .. ; r'Gra.tn. B':qµnd::ar·y D.·fsloc·at.:Lo-ns;, Their Eff.ect -ort. 
\ta.cane ies· and S itg tng; '' The Phi_l(jso·ph.ic:·a .. 1 -ija,ga·zi.ne,. V2:3_; .1/L82:.-, 
1F,e J:>r·uary .L971., ·· P-tt·. 4.:67 ~472~ 
4:6· 
:l. ,Hea:t 
E 
.. 
11 · 
~-
·s.·ou-r·:c e 
-ctf 
'.Cl1~1n •. 
p· 
us:s 
p 
l)":StS 
'C : '• 
.13· 
. .· . 
.• '·1.6' 
•. l,5· 
· 16 . . ..• 
ASTM .• t5 
iSpec if ica t ions 
Mn 
.39 
.' .-. 
40. .. · ... : 
.•. 5J.: 
.,.5.'3' 
~tABLE 1 
CHEMICAL ANALYSIS OF STE:~LS: STUDIED 
p. .g· 
: .• 0·1 .. a. :. 02-:1 
• 'QJ.~ -~ :02·1 
;;··00·8 
.•. ·oo:s 
.:Ql2 
•. 01;3. 
S.i , Ctr N:i , Cr Mo .. 
• ::3-o 
:• :'34 
.• 2·6 ..•. 14. 
:• 2.6: ., 1.2: 
• 22: 
.·21 
... . 
• ·18: 
·• :16. 
2 ·44 ,. :• ... ·;; -
:2,.47' 
_; ... 
.... 94 
~,9·8' 
2 • :2.3: 1 .•. :'0,0 
. ·-.. 
:z. J• () 3: • :·9.p 
• :6 ;J . .. o:::3}> 2 .·6'2 l:.15· 
1. a.a ::as: · ... 2 7-: 
· '.P-~-~ .rro.d..ucet 's chemic a 1 a::11.a._ly.$ l:S 
.. 
·-~--
.•. 00:9 
.As: 
.. -· 
.014 
-~ 
• 01:4 
·us,s:- - Unit.·ed. ·S t.:a:te s s t·e·e .1 ¢.·h.emic. a 1. .an-a ly s if:r 
:s·n 
-. -!'' 
. 003.l . 
-. 
• 0(l3·6 .·0 .. 18· 
.~· 
Mat.-e-i:-·i-a-l C!-"ond.i.-t f.o:n 
. . . . ··.': . . . --· - .· ., .. : . . . '. :. : .. : .. - _. . . ' . - . . ., . ;. 
-Base Q_()_-nd·_:iti:or1 
,• 
·HE.AT TR-EATMENTS USED. 
' .- .. · .. - .. -. . 
:Ti· e a·tment 
·- . . •· . . 
'E+tI· .A-u-~rte.n:i-z:ec:I, 17 50 ~ for 1 :h·r .. :plus 
l" plate ai:r c.oo l 
-J;~t11:Pe:recl,, 1280°F for 6 h:r-~. ·. p.lu:S· 
. . 1 air coo 
·s·,tre.s-,s re,lieved:, 122.5.°F for l·.Q· hrs •. , 
.5 0°-F per l1r •. -CO"c)l_: 
··--- -... - -- ..... - -. ~ :~.· ~- .,_ --·. ·-: --- - ~ ; ............. 
Cre·e···p. Emb·r:f:t:·t Led 
+ DEt-:embr it tl"(~men:.t. 
' . _,. . . ' ..... 
Temper Embr_j:.tt led. 
+ De-embrittlement 
C.E. 
. ·E· Baise- conditi,c)n plus -4·15 h.rs_. ·gt 
l.050i0 :r.· a:nci. 22. ks.i c·r.-e.ep-- str_es-s 
C -. E.. H· B·a·s,~ c:;onq:-i.t i.o-n ·pl:us; -a7·5 hr·s ~- a:t 
l:0=50°-F and: 23 :ksi ,cree·,p S:.tre:sS 
. . . . C .. 
. --~-.. E: ... ~ 
.. 
:J~;:+H. :c .iE •. p·_1t1s· 1 ht· •... a·t 12,00 °·F 
·E: ·B.a~r-e co:11ditfo:n- p:luE3 ::4.·15: ·:ht·$._ .. at: 1()50qF 
.an:q no ctee_p -stre~s 
T···.-:E-, R lla:se: c;ond it ion p·tus :8i1·5 hr~ •. a.-.t: 10:5:0:0 :p.: 
a:-nd no: .c_r.e.e·p· stt·e.s--s 
.E+'H T_ •. ,~. ptus: 1 hr. a·:.t :12 .. QQPE_· 
TABLE ·_3: 
T,E·N:SILE _.PRO.·P:ERTtE:$.-... ~-BAS:'.E -COND:ITIO·N· 
... - . . . .-. . - . .· . ' - ' - . . . . . . '. .,; .- . . . . .. 
E. 75°F 
·95-:0°'.F 
.tbS0· 0 ·F 
·H . 75:~F 
95:(}0 :F.· 
105·()0 :F_. 
He,a t• S t-r. e S:s 
.... . . . . - .... ·. -·~· . 
·E ; .. 
.fl 
45. 000 
. . ' ... 
40,000 
:3s., ooo 
21,s·oo 
2-5. · .. O O:"O 
. ,' ' .... 
z·:2 .. soo ). . 
2:0 . o.oo 
. ' . . ' 
·45 · Ot)O: 
. ' ' . 
·40,·bO·O. 
.35 ,ooo 
.3·0, 000 . 
27,500 
25,000 
23,000 
.• · 2:-%· y·. s .... 
.. :ks·i .• 
8.Cl. 2 
·s,e .• ~_: 
5.5. o: 
~:5 .. 5 
60_ •. 4. 
ss .•:=4 
U. T_.:s·. 
\<$J .•.. 
·1.0::3 .• 0 
"6"2, 7· ; ' . -· ' . ' . ' . 
. .. · . ·.•. · .. 
5 .:_7·· .. o-· : .. · .· ... ·. 
102· .6. 
.:64 .:.2.~ 
57.'6 
T1me ·to- ·Ruptµ:pe.: 
·. ··h,ou·rs 
49 
1.-.1 
. • .. 
.s·. I 
:z3.3 
2_54.·9· 
4·44 .·8: 
65 .. p ."$ 
1283. 2 
.... · ·. 
5_. 3 . 
238· o·-·. : .- ...-_.'.. ,• .-· 
125 .-3 .· 
2:2s .. ·9_: 
. . . 
81.9 .-l 
•:650 •. 2: 
1-429. 4. 
1oR. .-A ... 
' •• ,: ,:,•,, ,• M'. 
:6."9 ···id 
'_7:··3·_-.· _.:o·· 
.. . ... 
85.:3 
7·5.:0 
8:0.·3 
s:-3 ... ·9. 
:37 •. 6 
.36·· .• "9 
3·7 .• l 
3···:·2 .. 2 
. .. . 
2·7_5 
.2·6 .2·. 
·29 .:9 
.·2·8-.1 
:3·.1.--0 
2 '~J •. 9:. 
. ,• 
3Q •. 5 
17·._."0 
24 •. ·:q 
2$.:$ 
22 .·o 
29 .:5 
3·.2,_ •. 0 
·22:· .. o 
:2.4. 0 
·26 •. ·&: 
r,rj ' . ' ' /oR-~:A • 
84.-.• •6. 
85,.'3 
:84. -~ '7 
·6···:6"'. · 2 
' . . .. 
.5:3 .• ::9 
55 .O·. 
54 •. 8 . 
·-at.j 
7-:6:. 6 
-7.~--:4-
7.5 •. ]: 
J2 •. 2' 
5.J.~_:9 
4·0_._a: 
He·at 
E 
H . . 
s~t:r.t~:s ·s. 
. '. 
_ .•. ps:1 •..... ·· 
.' ... - .. . ... . 
45 0.0() 
. ' . 
·4~d.-.Od0 
. J . . 
·30. 500 
. ., 
. . 
4.S-,QQQ: 
4:0 :ooo· 
.. . ,. . . . . . . 
3:2 ,:o:oo 
,. 
Time· ·t9. Rµptur·e: 
.. . . . :tr.our~' 
7-8:.:2 
3"}"9,. 3· 
3552 .. 3 
'• .- ... 
68 .• 0 
· .. 
. 2·2-(J.5 
21.62· •:t 
s::o: 
·r 
Cl/ . ... 
..10E 1. .• _ 
:24 ...• 9 
3I-.7 
2::8.:3 
:4t). 5 
.2·9. 2 
36-.9 
7·.s .. 6. 
. . • .. '. 
··1:9.2-: 
7·:s .~ 
· -82 .,4 
7':7 .• 6 
:79 .l 
H'.eat: 
TABLE 6 
·CRE:EP AND TEMPER EMBRITTLEMENT 
. .. . . . . I .. 
CHAR.PY TRANSITION TEMPERATURE :DATA 
. . - ., .- . . . . . . . . . . •' ·-· ... 
:Upper 
s::f1e.:l_f 
ft .-·tbs. 
. .. . -, . . . ... 
'L:5· 
ft-l;b 
';['ra:ns::it·ion Temperaturea·, :o:F· 
4:5 30 5{)% 
·ft.~ lb : .-mi 1 :s he·ar 
- . .. . .. : .. • ~ ' . 
::E: B:a.se Cond.itfon .l 16 
'8:0· 
J34 
-8·6. ... 9 
44 
..... -.4 
-26 
3 
..·:34 . 
C.E. 
C • E • + :D .• : E •. 
T.E. 
T • E • + · D .•.. E • 
C ... E.·· 
• • 
c .E ~-· :8.,. ·n: .:~_-,· 
T:.E·. 
T: •. E. +: :JJ ... :E·. 
·t(J7 
:ios: 
ltZ· 
J.14 
l4'.9· 
146 
5·4· --.. : ___ ·:. 
·-8'3 
·-.4·.:·1:· 
. .. 
·-9:4· 
· ··a· .·:1·. 
·--· .· 
.. '.' ... 
. · ·.6·.··7·: 
-~.' -
.-·7.5 .. 
-73· 
T1\'BLE. ·7 
-, • •' • ••• a• • 
.. ' '.' 
r.7 
--21· 
·_..;.;:1· .·3·,· 
.... -_ . 
.-.. 13:_ 
·-:t9 
. ,..;. 2:9 
IS·OLA.TION :o.F· CREEP: EMBRJt:.TTL.E'.MENT :EF]?ECTS· 
. . . . -.. - , --- -- . . . . ' . . ... . -. ~ ,. . . . . . . . . - . . . . . . . . . ' ' ' ' . . ', -. 
-LO. 
. .. 
·.!90:5.:5 
. ... 5.·1 
-5:.l 
-3'.0 
. .: . ,, 
-4.4 
-.Zk4. 
6TT°F 
·6··9 
2 .. 0 
,47 
3:3 
·4.,· .. 3 ... · .. • 
1.9: 
25. 
2s·: 
Trans it ion C.rit-er·:±011_ U.:s.ed 
Hi~ci't 
. ; ·:,_·-· ... ' ., M-e·.thod ·o.f Calc:uia·t,fcin 
. . '-· .. . . . . -. . . . ; '· . - . . . . . :: '. -· . . .:·. ' .. 
E: :c· E r·· ::E· . ' -- . . . . ." -. : .. ·-.·.•: .·•.· . .. . .·•··:_ •.•· 
j Ft' E"' +,··n··'· E. T E .. '+· .'n· E': :~---~ .. ·. :·.: -,_: :- ·:=. ... •. - .. · -. t .. ' .• . . J~. ·.' ··.·:·· 
:c-•. E. - T .E. 
., c:.E.+D.E. - T .E.+D.~~-•-
.. ~' 
-~··· 
5·1 . · .. ·'. '"' . 
45 ft. - lb. 30 mi.I •.~0.%. SJ.1e·clr 
+27 
+17 
+-13 .. 
·... . 
+l:6. 
·+13, 
+2:1, 
o: 
+·14. 
+2-2 
~:13 
.... ,2· +: 
-~6 
. . 
• 
,, I 
1800---------...-------..--...--....---52 .... 
1600 
1400 
lL 
0 
~ 1200 
I.LI 
0:: . 
::> 
~ ffi 1000 
Q. 
~ 
w 
1- 800 
. . 
600 
. 
ONE INCH PLATE · 
AIR COOL 
AUSTENITE 
FINE 
BAINITE 
MARTENSITE 
FERRITE 
COARSE 
BAINITE 
400-----------~--------JL----------'------___. _____ ____. 
I .. . 10 102 103 104 105 
TIME, SECONDS 
FIGURE I - CONTINUOUS COOLING 
TRANSFORMATION DIAGRAM 
• 
5 II 
.. 7a 
FRICTION 
WELDS 
1018 
• 
r--
I 
I L __ 
6 11 GAUGE 
-: I II : 
--v----
-----
----, 
I 
I 
_ __ J 
• • 
1018 
FIGURE 2- THE MANUFACTURE OF CHARPY SPECIMENS FROM 
A CIRCULAR CREEP BAR V1 w .... 
60 
50 -
~o 
40 0 
--(/) 0 ' 6 ~ ~ .. (J) 30 
en 
0 ~ LL.I 
"' 
a:: 0 D.~ I-
"o fl"-(/) 
0 E- HEAT 
~o 20 
"'-H-- HEAT 
I 4 7 10 4 7 100 4 7 1000 
FIGURE 3 TIME, hours 
--- -~-~......,,.,..,..------~-------------
90 
0 0 
-0 
80 
6 
~ A 0 70 
.. 
<( 
1.1.1 
ct: 60 
<( 
z 
- 50 
.. 
0 
llJ 0- E-HEAT a:: 
40 
6- H-HEAT 
30 
I 4 7 10 4 7 100 . 
FIGURE 4 TIM·E hours 
. ' 
o--
d 
4 7 1000 
-y.· . 
. lli. 
CJ 
w 
m 
~ 
r; 
~·n L , :. r 
·\·,· ~ .. : . 
... --
.;,. 
/, ( ,-
~-' J . 50 ·~ CO · I 
:J ; 
40 r 
·>-. ' CJ ... ~n l 
vL~ et:: 
w 
z· 20 
w 
10 
j 
" 
X 
)( 
X 
X 
>< 
~-····.· 
-
.. I' · - ·. - ·· - · ··1 · ··· ··· 
~ 
· 
E 
X 
)( 
I 
I 
1 
J 
I 
I 
J 
l 
~· 
l 
·.·: 1·: 
·1 
J 
I 
I 
~ 
t 
i 
~ 
I 
.. J: 
... 
0 . ----------------------.---. ·.-----· ... ··~i. ·~·:·'.---· . ----------···___,,...··· -·· -----
-150 -100 -50 0 so 100 150 200 
FIGURE 5a TEST TEMPERATURE (DEG FJ 
,, 
120 ... ··:.-.,·· [-HERT 
110 415 HRS RT X X 1050 F r--'\. 
CD NO CREEP STRESS X 100 
_J 
I 90 DE-EMBRITTLED J-- X LL 1 HR RT 1200 F 
'--" 80 
0 70 w 
m 
~ 60 X 0 
X (f) 50 aJ 
cr 
40 
>-CJ 30 X 0::: 
w 
z 20 X 
:·~··":>· w 
10 EDE 0 )( 
200 -200 -150 -100 -50 0 50 100 150 
• TEST TEMPERATURE (DEG F) FIGURE 5b Vt 
~: 
::, .. 
•,···~···.· 
........ ····················-----·······-·--···-··--····-·····-·········---------------~ 
90 .--~---r-~~~---------------------~-.~--;-.~~-~1--~-~-~~~----------~---~~ . E-HERT 
r--\ 80 · 415 HRS RT 1050 F 
m 22 KSI CREEP STRESS 
_J 
I 70 
I 
LL 
~ 60 
0 
w 50 m_ 
0:::: . 
5s 40 
m 
CT 
>-CJ 
30 
Ct: 20 w 
z 
w 10 
X 
)( X 
X 
X 
X 
X 
E 
o---------.____ ___________ ~---------
-200 -150 -100 -50 0 50 100 150 200 250 
FIGURE 5c TEST TEMPERRTURE (DEG FJ 
90 .------------,--------r-------~~~__,.~~--r-~-------------------x-------E~HERT 
~ 80 
m 
_J 
I 70 
I 
LL 
~ 60 
CJ 
w 
m 50 
n::: 
V5 40 
m 
cr 
>-CJ 
30 
ffi 20 
z 
w 10 
415 HRS RT 1050 F 
22 KSI CREEP STRE5S 
DE-EMBRITTLED 
1 HR RT 1200 F 
X 
X 
X 
X 
• 
EDE X o--------------.-&--------------
-200 -150 -1.00 -50 0 50 100 150 200 250 
FIGURE 5d TEST TEMPERATURE (DEG FJ u,· 
·'-P 
. . . . . . - . 
-----~-~-----
160 .... . .... . .. . ... . - . . . . . . ,. . . 
150 H-HERT X X X 
r--.. 140 875 HRS RT 1050 F 
m 130 NO CREEP 5TRES5-
_J X 
I 120 J-
LL 110 )( 
~· 
100 CJ 
w 90 
X 
X X 
m 
0:::: 80 ~ 
0 
(/) 70 X 
QJ 60 
.1. IT X 
X 
>- 50 
. CJ 40 Ct:: X 
w 30 z • 
w 20 
10 H 
0 
-150 -100 
)( 
-50 0 50 100 150 200 
TEST FIGURE TEMPERATURE 6a (DEG F) 
.. 
.. 
160 .. - . . . ·' .. . . . . . · . .: .. .. . . . .. -.. · . . 
150 H-HERT X X 
- . 
X .... 
,--,. 140 875 HRS RT 1050 F X 
([) 130 NO CREEP STRESS I 
I 120 DE-EMBRITTLED X I--
LL. 110 1 HR RT 1200 F 
'---" 
Cl 
100 
w 90 
m 
0:.-:: 80 
0 70 (f) 
X aJ 60 a: 
>- 50 CJ 40 0::: 
w 30 z .: .. 
w 20 
10 HOE 
0 
-200 -150 -100 -50 0 50 100 150 20·0 
. TEST TEMPERATURE (DEG FJ FIGURE 6b "O\: 
' ~ ' 
i 
I 
i 
i 
i 
' 
' -
i 
12 0 ------~----.--........-------· -----· ..... ~--_ .. _.. --~-· ~--__ ., .~: .-. ·~-· ,---,--_ .----------------· ..... ~ .. -·-----· . _,,;-..:..;.· •. · .....;_· ,....;.......;·· · -· ~--.------
110 
·OJ 100 
_J 
I 
I 90 
LL 
~ 80 
0 70 w 
m 
et:: 60 
0 
CJ) 50 m 
cr: .. 
40 
>-CJ 30 0::: 
w 
z 20 
w 
10 
0 
-200 
H-HERT 
875 HR5 RT 1050 F 
23 KSI CREEP STRE5S 
.. 
X 
X 
-150 -100 -50 
X 
X 
X 
.. 
0 50 
TEST .TEMPERRTURE FIGURE 6c 
x 
X 
.. 
H 
100 150 200 250 
( DE·G F) 
O" 
N 
130 ,----~--~-----r---------------· -----· •. ~-. ·..;.,.-.-..·  ~~---------·· . ...........  ---..· ----· ...,._.._ . -~-· · .. .;..;.......;.·· --------• • • •  • ' • • .•' .• • • • • • • • • • • • ;· • • '. • I•" • •" •• • • 
120 
~ 
m 110 
I 
H-HERT 
875 HRS RT 1050 F 
23 KSI CREEP STRE5S 
~ IOO DE-EMBRITTLED 
LL 90 1 HR RT 1200 F 
0 80 
w 
m 70 
0::: 
D 60 
en 
m 50 a: 
>- 40 CJ 
0:::: 30 
w 
z 20 w 
10 
0 
• 
.. 
>< 
)( 
X X 
-200 -150 -100 -50 o. 50 100 150 
TEST TEMPERATURE (DEG FJ FIGURE 6d 
X 
X 
HOE 
200 250 
0\ 
_y) 
.. . .. 
~. (' 
.,~ 
"',. ; 
.. • ~ ... ?, 
200 X 
E- HEAT TENSILE AXIS 
FIGURE 7a 
200 X 4 
E- HEAT TENSILE AXIS 
FIGURE 7b 
23.3 
444.8 
64 
133 X 
HOURS 
TO FAILURE 
133 X 
HOURS 
TO FAILURE 
.. 
... . 
200 X 
E-HEAT 
... ","*. 
600X 
E-HEAT 
" 
·::,...-, 
. 4-'· 
;,~-
. •;:·:.,:;i)~: 
TENSILE AXIS 
FIGURE 7c 
TENSILE AXIS 
FIGURE 7d 
65 
133 X 
1283.2 HOURS 
TO FAILURE 
1283.2 HOURS 
TO FAILURE 
I 
I 
200 X 
H-HEAT 
200X 
H- HEAT 
TENSILE 
FIGURE 
TENSILE 
FIGURE 
66 
... 133 X 
AXIS 5.3 HOURS 
TO FAILURE 
Ba 
133X 
AXIS 819.1 HOURS 
TO FAILURE 
8b 
200 X 
H-HEAT TENSILE AXIS 
FIGURE Sc 
aoox 
H-HEAT 
TENSILE AXIS 
FIGURE 8d 
-- ·. 
... ..._ 
• ,<# ." 
133 X 
1429.4 HOURS 
TO FAILURE 
819.1 HOURS 
TO FAILURE 
- --------------------------------
. .. : . '· ..... • 
I I I I I I I I I I 12 ~ 
-
~ 
MEAN - 72° " 
10 ... STD. DEV.= 12 ° -,' 
U) 8 ~ 
-~ 
0 
ex 
a: 
0 6 -
-LL 
0 
....... 
a:: 
w 
CD 4 ... 
-:e 
::> • z 
2 ~ 
-
36 42 48 54 60 66 72 78 84 90 
+m- DEGREES 
FIGURE 9- ANGULAR DISTRIBUTION OF GRAIN BOUNDARY CRACKS 
.;,.· 
I 
OI I 
' z 
N 
-0 
. "'~ 
i . 
' . 
r 
• 
Mo 
', 
i j 
i j C 
I 
' .! 
' ' ' 
FIGURE IOa 
200 
N 
J j ,/\} 
A 
Cr 
0 
·Fe 
Fe 
400 600 
ELECTRON VOLTS 
E-HEAT 
BASE CONDITION 
., 
I • 
l 
Fe 
800 
-
·\J.·'" 
:.\0 
·Oil 
I 
I 
I 
\ 
~ ' ' w! i,I 
"'O ' 
'-,. 
z 
OI 
-0 
I I 
I I I I 
I I 
i 
I 
' • 
'~ ; 
I ' 
. . 
. ' 
! ' 
. ;
, I. 
·! ': 
t l 
. Mo 
~-: 
' ., 
I ' 
! I 
1 f 
'I I. 
11 
~/I ! J.1 \ I 
\:' I ' 
'it' ,· ! /l : • 
~ t' 
n 
I \ I
\'~ ~ 
. JJ1 
! :~· r 
. ,. 
1yi l 
I ~ ,. 
JJ 1N .J.i 
. ' 
.. , ' . 
,.. l 
•.·::!!··:. , : , Mo C - _,\ 'I /1 , . ./ •. 
I 
,'/\;'\,'.I I 
, .A ,+-_.A.. I I I ' 'V ' . 
,, .~-...... .... -1t,.,...,1'1t......,.. ·.. . ,, / .' · .- I i .1
1 
; 
·, \_,. __ ,._ .,. .· \~·· \.JCr ,·· ;1 i ~, i 'I • ,. ,;.- .v· • 
. I ! ,, ,.,., ,,~,. ..... 
I ~,/1'''\ •• ,.,..,.-, ' I,,' 
l : r,.,,!1\i; ... 0 
I r..,.,··l : .J : ~ n i 
: ~:v· , , .) I , 
/i. / ,.: '! /.. 1"~v fst I \J ·; b 
j / I : p i \ I 
f · ;11 1V'\V 
J ) i: J 
/ ..:,1. 
.. :: : I 
I ! ' ; ! 
I ' 
FIGURE IOb 
I j I , 
I i 
Fe 
E-HEAT 
TEMPER EMBRITTLED 
10,000 HOURS AT 900° F 
I 
I 
I 
i 
I ! 
: 1 
: \ 
l'"'t' ' 
' • , I 
! ~ / 
i , \; 
Fe 
Fe 
Cu 
Ni 
11 I, 
------~ ---20 ....0 _______ 4 __ 0_0 ________ 6_0 __ 0 ______ 8_0_0 ___ ...._ __ __. 
ELECTRON VOLTS 
N 
"'O 
" z 
N 
'O 
; 1 
.. 
' i I 
- , I 
I . ' 
' l 
! ' 
~ 
.I 
,· 
.. : 
' 
. I 
I l 
! I 
: I 
. / . 
I ' 
I 
._. :,·. . . 
1· 
·! 
·-j-
,. 
i\ 
I·\ 
'II 
• I I • 
! ' 
' . 
E- HEAT 
CREEP EMBRITTLED 
415 HOURS AT 1050° F 
• l . 
~J ,·. I 
' 
..... i 
! l 
I 
I ; 
I I 
I I 
\! Fe 
I 
; ! . 
' l' i 
A . 
' \ 1 
'·' I 
.. 't 
·;, 
} . ' 
. ; 
i : .' 
' 
' 
! I I 
t 
i 
i 
Fe 
-----J----::2::,o~o~--------:4~0~0~-___..--~s~o~o------1..__ _ ___,e~o~o~-___.~--..... 
ELECTRON VOLTS 
iJ 
,. 
.......__ 
z 
OI 
"'O 
• ' t 
. l 
I", f: 
.. t' 
•, ~J 
~\ r V 
''r' 
t),": 
' , 
v ; 
Pl 
'·1 ;, 
~ -. 
I . 
l 
) 
. ' 
FIGURE IOd 
200 
; 
t 
; 
,J 
I 
' 
1 f 
J I 
400 600 
ELECTRON VOLTS 
H-HEAT 
CREEP EMBRITTLED 
875 HOURS AT 1050°F 
DE-EMBRITTLED 
I HOUR AT 1200° F 
Fe 
800 
. .. 
!-HEAT 
415 HOURS AT 1050°F 
22 KSI CRE:EP STRESS 
FRACTURED AT -125°F 
850 X 
FIGURE llb 
73 
E- HEAT 
415 HOURS AT 1050°F 
NO CREEP STRESS 
FRACTURED AT -125° F 
850X 
FIGURE Ila 
H-HEAT 
875 HOURS AT 1050°F 
23 KSI CREEP STRESS 
DE-EMBRITTLEO 
1 
.. • ~ 
I HOUR AT 1200°F 
FRACTURED AT -125°F 
850 X 
FIGURE lie 
i 
I 
. I 
! 
I 
I 
j 
0 
a 
.:J 
2 (!) 
0 
0 
0 
-
,. 
a:: 
lu 
m 
~ 
:::, 
z 
en 
(/) 
w 
z 
a 
a: 
<( 
:c 
a. 
0 
0 
z 
~ 
240 
0 E- HEAT 
230 
H- HEAT 
220 
210 60 
0 & ---~ 
' 200 ...__ ..... 
~ 
-o 190 
1050° F SERIES 
180 
300 600 900 1200 
TIME TO RUPTURE, HOURS 
FIGURE 12- EFFECTS OF CREEP ON POST- RUPTURE 
HARDNESS 
..... 
6........._ 
1500 
~ 
. r,.,. . 
..... --: . 
·, .. ,hi.· 
16,000 X E- HEAT 
FIGURE 13a 
16,000 X H- HEAT 
FIGURE 13b 
BASE 
CONDITION 
BASE 
CONDITION 
75 
76 
E-HEAT 
• 
23.3 HOURS 
TO FAILURE 
16,000 X 
FIGURE 14a 
I 
~ 
' E- HEAT 
444.8 HOURS 
TO FAILURE 
16,000 X 
FIGURE 14b 
l 
I 
l 
t 
I 
E- HEAT I 
i 
1283.2 HOURS 
TO FAILURE 
FIGURE 14c 
•· 
77 
H-HEAT 
5.3 HOURS 
TO FAILURE 
16,000 X 
FIGURE 15a 
H -HEAT 
819.1 HOURS 
TO FAILURE 
16,000 X 
FIGURE 15b 
'"' ,. , ,, 
I ,1 • .. ,, 
Ml 'Ii;,\ . ..  ,
. ~ \ · ... .... .. . 
;. f~_- .. 
..... , ' ' ""' 
H-HEAT 
1429.4 HOURS 
TO FAILURE 
I 
16,000 X 
FIGURE 15c 
0 
A'PPENDD(, Th·e Effect of S~-c-t.ioriitfg Ge'Cjmet.r_y· :01:1 tb:e. 'Qbffe-:rv.~.·d G-r,.a:-irt 
Botindary Ctack D:i.s.t:rt'buti-:0n 
Gra.:L~1 bou.rt.d·arie ~ ·ca:-n be thou.ght of '-as ·networ-k.s Q:f two .. q:ime,1:1:s·.ion.a 1. 
surfac·es dlstr-ibute:d th:ro:Ug_h6.u·t a: mater::ta1.;' s str9c ture. :ln thi_s stud·y-
ween t:be tensile a.Xis and the crack sµrface will be called, ~o. ~o is 
thuis· the .P·tJmplemert:t of th·e ·-angle :bet·we.en the tens: ile axis and· the 
·cra_c~ s·urf:ace· rto:rm.a.1.. An est.:i.mat·io-n O'f the t-tue. value _cJf ~0 is: th.·e 
obj e·ct ·o:f this .. Apper19: i/x ... 
:.Me.as:u·r·emen_t oJ $ fr:Qtl) a plane sect :i.o.n _p:ar·alie·I to the te_n$-i.le a:x],.s 
.nec .. e s·sa.ri·Iy n:i~·s=r·~-p:re s:e·nt::s the true three: d:imens.tqnal or.i.ent~t ion_. 
re:.lat-ioI1s.ftipJ: that is -~m is not in g.eneral -eg.u.aL- ·t-o ~6-. Tl1e f'ol lo.w-.ittg 
analys . .is d-~mons:·t.rat:e;s: t:he · ·ge:omet-r·tcal ef:::f:ec.t;s: ·o·t· ~-e:.c.t·i.oning;·: ·in: -~f-f·ectit-~g: 
2-:!- Assu1ne init·ia l ly tha:t all ct;.a·c ks are at a g.:f...Yell, :~J1gl~ 
~o: wf·th res·pec.t to the: t.en·sil.e axis • 
. ).'. $.nr is· the angle me-asured:_ from the metaltogr:aphic set:tion. 
I-t rep:re·sents th:e angle between the t_ens i:le. axis and the 
·v·isible .crack· (which is really th:e irtt:ersectton :ejf the 
c_rack surfac:e and the sectioni-ng :P·l~ne),. 
that .f:o:rm c:r:ci'c··ks at a specif i..c an·gle to the ·tensile.: axis .ar-~ -orie·n:te·d 
ev.e.·nl.y in a 'C_:ir.c·:le about the tens.ile axis:; t:he lo.cus of.' the cr·ack sµrfaG:e_ 
;'I:h~: s:~--otioni-rtg ·p'larte· ·h:cts an .e·qµ90:-J ¢hanc·e o·f' _irtte-r.··se.ct:-irtg .:a:ny of these 
-A·-··L 
-er ac.~ :S.'ur:.fac.-e .. :ot ien·t.atio,ns :• .:Th:e· v·alu:e :-of: :$.rr1 d_epertd.s on the· nat.u·r·e 
:of :this ·inter·s:_ect:fon_. Ca/Lc-·ul_a.-ti_o-n qf ~m -w-ill :be: ma-:d·e:. f:or i1.:1t.er~·e·ctiot1.s: 
:o:'f the .sectt.i·oning·:. ·.P-l'a·ne ·,wi:·fh: crac.·k .surface·s: of· fixed ·"'--· at 5:-0 int-e:t.v.als . o/o 
.•:;: :· 
.. 
For- c·a:lc.,ulation: .and. v.Isuali--zat::fon . . . . - -
. : . . ~ . . . . . . .. ·. -.• .- . . . . .. - ' . 
(.r:e::£et t.o F:igure ··A-.l}-- ~h$:: ~.-f·fect i-s t:h:e s:-ame:.· as a ro .. :t~>t1o·n ·. ,o,:f -th:_e 
(1) 
(3).. 
·-(4)· 
(5) 
.. and .whet1.··e = 9·0° ' "th ·= 90.·9 · 
.. , . .. . . . . . , 'Vm 
-there·'f.:or-e 
' ,. ''' ,. ' ., 
·tan·(9.Q·0 ~-. ')._·' .. . !$ 
- ·-fo: ';::. z' 
·o 
__ FO.R .NOMEN.CLA!lJltE,.. 
t{E,:FEt{. :ro-. F·,JGURE· A-1 
Z·,·, ·: 
' ·o 'e··, .;.;.. · · ·.- ·c·o s· -: · _· 
- -~ .- ··- .. ·
' Z', 
.ta_1t(90·0 t:a.n.-('9:0::0 ·• :lh _ _': .. ).'COS, 9: 
'Po -- · -
E·q:_uJtt:io·n -(5) al lows· tl1.e- d~·-te:-rminatio._n ·.of th-e exp~q;ted_: -~m. ·d.is:tttibu:~1.on-
:for ·any arbitrary· ~-oi·· .!:f· ;~:er _.is_-· .fiied/ t'1;~-:e: ab:_oye :eqtJt;t:i_on ~w'il l pre·:dic·t 
·fhe: probable d is,t·r-ibut.io.n. o.-f: meas:u.r·e:d· :-a·ngle·,S: :~m a.s :6 f.$. :incr·eme.nta·t ly: 
~o i: s: and: tne· t.¢$.;tilts :eornp·ile:d :i.tl. '.l?ab le .A-1. !t1. itll cases- Lt s:hould. b_e 
:no:t~:d. tl1a;t :~:o · :is -ov'.ce.-r:e:st::rmated · :P:Y ·pl_a:ne: s_e:t.C.i:ott me-as:u-teme:r1_ts: pf- ~m.· 
-l:f :01,1._J.y: a. :~in_g'le $0 :wer·e p:;res.e.n·t t-n· 9 g::tven ·tnate.rlal. cor··r·e·c-t Jd:entific_a:-
;-4. 
.... _ .. f·· .· ·· ..~_·.·r: .. ·o· · ·. .,, .. ,.s 
. o. ) 
atigl.esi 
A. ·-3· .. . . . 
/ 
I 
·THE ,E·F·FECT :QF SECTIONING GEOME:TRY 
om mE EX:e:eCTED $m nrsTRrBmt-ON' 
e 
cr.o· 
:5 
10 
·is 
·2···0···' 
.. _ .. 
2 .. 5 ...,' 
J·.Q:· 
:3:5 
4··o··. : :· .. ,' 
4.:5 
5.·.·.· .. o···· : . . . ' . 
5·5 
p:Q 
:·6.5· .· - .... 
70. 
75. 
:80: 
85·.: 
.9·0 
. . 
:~0 ... ~- 45_ 0 ~b = ·.6d 0 ~o. =· 74·'0 
45 . 
....... ·.• ·0.-
45 ,. 1, 
45.4 
.4:6.,Q 
'46. 8 
·47.a ·· 
49 •. 1.,. 
5:0. •. 7 
52 •. 6. 
. . . ·, . . .. - . 
· .54. 7· 
5'.7" •. 3 
60 .. ·2· 
. .  . . 
63:· •. 3. 
67 .1 
71..1 
75,.:5 
. . 
.80 .•. 2 
:.85 .• d: 
-90 .• (): 
6.:0-.:·0: 
:·.6.0 •· 1 
·6.0.3·. 
'60 •. 8. 
:6:1. 2 
.62:.7 
63 •. 4 
.64.5. 
6:6·. l 
67 .. 8' 
.. • :•. 
69.6 
71.7 
·7·. ,3• . ·g:···, 
•••••• 
76 .. 3. 
:7'~ .. 7 
s·i ... s· 
·&;4 •. 3: 
8·7 ·2· . . ~ : ... 
9:,0.·o 
74-.d 
74. I 
7·4.2 
74.5 
74· ..• -9 
7:5 .4 
76 .1 
76,. 8 
7'.7 ·.; 6 
'78 .• 5 
7'9.6 
80.7 
81 :~.8.. 
8.J: .. 1 
S4~ .. 4 
8.5·.8: 
8'7.:2 
a·.8 .• ·6 
'9:Cl. o. 
.· ' . ; 
1.:. .The' .above d.i.s.t·rih1.1t:i.qn:s wou:lc;l: be t:ep.eat·.ed' 
·t,h.teJ:~· times· as e goeq t;r.otn 9:0· 0 t;0 36(f0 
2 .. .-All ~:list:ribut ions praduc··e ·aJ:igles e.q_u~rl ,to or 
ta.rg~·t· than the ac tua { 8JJ.gle .. 
;_J·... ·For· most values qf e: the obser,ie-:d a-n.g.li~: .=i.s 
¢ 1:o.se to the· :actua:1. c111g:·le -~ 
ABCD- CRACK SURFACE 
PLANE 
COE - ORIGINAL SECTIONING 
PLANE 
DFG - ROTATED SECTIONING 
PLANE 
A 
90-11\ Vo . 
TENSILE 
AXIS 
_____________ .., 
I • • I 
/ 
y 
I 
, 
8 
y 
4)0- TRUE ANGLE 
(P. - MEASURED ANGLE 
m 
FIGURE A-1, EFFECT OF SECTIONING GEOMETRY ON <l>m 
=>, 
:I 
u,· 
·:J 
·VITA 
w:~$ b:9-r11 _i:n: Springfield, Pennsy·:lya.n!-:«a :pn_: D(=tembe.r .25:,.,: 19:.4}~:. .!t·t.e·r . 
. ·. 
s chq:e>-i $y:s tein,. he: ·w·a.s g.ta·du·ated f::r,0111. Sp,ri.ng;field '.fl:(gri S.cbool {it 
J?une .196.6:.. ·.1~1:. :S_ept¢tnber ,o.f that, :year, J1e ~rlt.e.t,i:d ·tehigh Uni·ve:i~e.i t:y ., 
.• . 
·Materials $.cience in June ·19rzo .•. 
,., 
F:.ol:I..ow;Lng gradua·t·iort he was .. oµ .a.c.tive- duty :with· t;h·e :P~nns-yl-
·\tania N~-;tional Guard for· a p:e·riod of six· man.tbs.. Fr·om. M·arch until 
S·ep>temb·e·r )._9 71 Mr. Ferrel'l ·was employed as· a s:a:les application 
trai.nee oy G. O. Carlson,, .:Inc., Coatesv·ille .. , '.P.ennsy'lvania. In .th·.e 
.£.-·all. of; l9~7.l _ he was admitted. :to. :g.ra.d_uat··e :s:chool of Lehigh Up.i:versity 
:to st:u·<;ly :fo-.r a Masters ·De·gr:e,e. in Me·t-all·utgy and Materials S't:l.ence-. 
